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ABSTRACT

Engineered living materials (ELMs) that integrate living cells and synthetic
materials have been created with stimuli-responsive capabilities. ELMs can harness the
biological functions of cells and detect subtle changes in the environment, which enable
them to respond in a programmed manner. Importantly, genetic engineering the living
component enables the fabrication of ELMs with engineered responses to a wide range
of stimuli. ELMs comprised of genetically engineered microorganisms can be
programmed to perform desired functions, such as shape-morphing and drug delivery,
and thrive in a wide range of environmental conditions. ELMs can be formed using
probiotics, providing a multimodal mechanism of action in biomedical devices. This
dissertation focuses on a series of studies carried out to understand the fundamental
critical tools needed to fabricate ELMs with programmed responses primarily derived
from the biological activity of microorganisms. These responses are studied to
understand the mechanical changes of the embedding matrix and the chemical changes
surrounding ELMs for their potential use in biomedicine.

In the first study, baker’s yeast was embedded in acrylic hydrogels to form
responsive ELMs capable of mechanical transformation by controlling cell proliferation.
Yeast was capable of proliferating within the soft hydrogel matrix, leading to a
controllable global expansion of the composite. Genetic engineering of the yeast enabled

ELMs that changed in volume in response to specific amino acids and blue light.



In the second study, ELMs with yeast probiotics, acrylic hydrogels, and cellulose
nanocrystals were fabricated using direct-ink-write printing. Printed ELMs containing
genetically engineered probiotics changed shape into complex structures. Reservoir-
based drug delivery capsules were fabricated for on-demand delivery of model drugs in
response to specific biomolecules.

Lastly, prokaryotic ELMs were studied to understand long-term bacterial cell
release to the surroundings. Materials were prepared with different stiffnesses and
concentrations of cells to control cell release from the ELM. In future applications,
ELMs made with prokaryotic probiotics can be used in in vitro studies to inhibit the
growth of uropathogenic strains related to urinary tract infections.

Overall, future advances of ELMs with programmed functions, where
microorganisms are programmed to respond to disease-specific stimuli, will offer new

applications in drug delivery.
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Figure 1-1: Stimuli-responsive engineered living materials. Schematic representation
of ELMs that sense the external environment and respond in a controlled
manner. Materials that contain genetically engineered living components
are capable of sensing specific stimuli. Upon detection, cells can mediate a
broad range of ELM responses. These include practical environmental and
biomedical applications, such as biosensing, drug delivery, and robotic
function. Reprinted with permission from [255]. Copyright (2021) Royal
Society OFf CREMISIIY. ..c.viiiiiiee e e 5

Figure 1-2: Synthetic biology for the design of stimuli-responsive ELM devices. (A)
Schematic representation of an ELM with stimuli-responsive properties.
The material incorporates living bacteria genetically engineered to express a
fluorescent protein (GFP) in response to external stimuli. The living
component allows the ELM to produce an optical signal that can be
detected and measured. Reproduced with permission from [56]. Copyright
(2017) PNAS. (B) Logic gates achieved in 3D-printed, stimuli-responsive
ELMs. Programmed bacterial strains embedded in 3D printed structures
perform computational operations (AND, OR, NAND). These cells act as
outputs that detect the presence or absence of chemical components within
the same structure and report by the presence or absence of GFP production
after achieving a specific logical function. Adapted with permission
from [76]. Copyright (2017) Wiley-VCH. ........cccooeiiee e 9

Figure 1-3: Fabrication strategies for the development of stimuli-responsive ELMs.
(A) Schematic representation of a 3D printing process for the fabrication of
functional printable living materials that can be implemented in biomedical
and environmental remediation applications. Reproduced with permission
from [95]. Copyright (2018) Elsevier Ltd. (B) 3D printing approaches can
be used to build structures that contain multiple cell types. Adapted with
permission from [97]. Copyright (2020) Wiley-VCH. (C) Schematic of an
electrospinning process for the encapsulation of bacteria within nanofibrous
webs. Picture and SEM micrograph of bacteria encapsulated in electrospun
fibers. Reproduced with permission from [99]. Copyright (2017) Elsevier
Ltd. (D) Yeast cells were encapsulated in core—shell polymeric nanofiber.
Micrographs showing yeast cells encapsulated within the fibers.
Reproduced with permission from [100]. Copyright (2015) American
ChemiCal SOCIELY. .....couiiiiiiiceee e 14

Figure 1-4: Stimuli-responsive ELMs for wearable, analytical, and monitoring
devices. (A) 3D-printed ELM tattoo encapsulating engineered bacteria that
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sense different chemicals on the skin. The tattoo is capable of reporting the
presence of chemicals by emitting fluorescence. Adapted with permission
from [76]. Copyright (2017) Wiley-VCH. (B) Moisture-responsive films
that change shape under humidity conditions. (C) Smart wearable suit with
flat ventilating flaps before exercise (left) and bent flaps after exercise.
Adapted with permission from [114]. Copyright (2017) exclusive liscensee
American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC)
http://creativecommons.org/licenses/by-nc/4.0/. (D) Fluorescent bioPAD
spotted with modified yeast embedded in a hydrogel matrix. The device was
developed in a reservoir of media containing doxycycline (left).
Fluorescence was monitored over time in bioPADs treated with or without
100 pg mL—1 of doxycycline (right). E) Device treated with 100 pg

mL—1 of doxycycline was imaged in a fluorescence lightbox. Adapted with
permission from [126]. Copyright (2020) Royal Society of Chemistry. (F)
Electrical system diagram of the ingestible, monitoring device. (G)
Schematic of a porcine model of gastrointestinal bleeding. Blood was
administered, capsule was then deposited, and collected data was wirelessly
transmitted (left). Photocurrent measurements over time of the device in the
presence or absence of blood. Data was collected from the porcine model of
gastric bleeding (right). Adapted with permission from [128]. Copyright
(2018) American Association for the Advancement of Science....................... 22

Figure 1-5: Stimuli-responsive ELMs for drug delivery applications. (A) Schematic
of a light-responsive ELM. Bacteria was engineered with a pDawn-dVio
plasmid to enable the production of the drug deoxyviolacein upon light
illumination (left). Bacterial cells cultured on agar, liquid media or
encapsulated in agarose hydrogels were capable of producing the drug and a
change in color in response to light (right). (B) Patterned light exposure
allowed the production of drug locally and was detected by epifluorescence
microscopy. Adapted with permission from [63]. Copyright (2018) Wiley-
VCH. (C) Schematic representation of beads encapsulating bacteria that
shrink in response to cell growth and swell in a reversible manner to enable
an oscillatory behavior. Bacteria undergo lysis at sufficiently high cell
densities and then release model molecules to the surroundings. (D)
Oscillatory behavior can be turned off by adding glucose to the media.
Capsules shrink in response to cell growth. Capsules that shrink lead to an
increase in fluorescence intensity as compared to capsules that do not
shrink. Adapted with permission from [163]. Copyright (2019) Nature
Publishing Group. (E) Schematic of the ELM encapsulating engineered
bacteria that produce and secrete an antimicrobial enzyme against
methicillin-resistant S. aureus. (F) Antimicrobial activity of ELMs placed
on Mueller—Hinton agar plates streaked with methicillin-resistant S. aureus.
Adhesin and lysostaphin functionalities by cultivating ELMs in the absence
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or presence of IPTG and/or arabinose. Adapted with permission from [164].
Copyright (2020) American Chemical SOCIEtY. .......cccevcveverriveieeesie e 32

Figure 1-6: Soft biohybrid robots actuated by external stimulation. (A) Soft robotic
ray composed of genetically engineered cardiomyocytes in an elastomeric
body. The robot was controlled by optical stimulation to induce sequential
muscle cell activation and locomotion. (B) Asynchronously triggering
modulated by light frequency with 1.0/1.5 Hz paired pulses resulted in
directional turns. Adapted with permission from [185]. Copyright (2016)
American Association for the Advancement of Science. (C) Biohybrid robot
composed of skeletal muscle tissue encapsulated in collagen structure.

Upon applied electrical stimulation, the biohybrid robot actuates in air. (D)
Motion control was demonstrated by pushing a bead through deformation of
the collagen structure from muscle contractions (scale bar: 1 cm). Adapted
with the permission from [188]. Copyright Yuya Morimoto, Hiroaki Onoe,
Shoji Takeuchi, APL Bioeng., 2020, 4, DOI: http://10.1063/1.5127204;
licensed under a Creative Commons Attribution (CC BY) license. (E)
Schematic representation of a shape-morphing living composite that
changes in volume in response to yeast proliferation. (F) Living composite
before and after incubation shows an increase in volume (scale bar: 7 mm).
(G) UV-patterned an antimicrobial enzyme against methicillin-resistant S.
aureus. (F) Antimicrobial activity of ELMs placed on Mueller—Hinton agar
plates streaked with methicillin-resistant S. aureus. Adhesin and lysostaphin
functionalities by cultivating ELMs in the absence or presence of IPTG
and/or arabinose. Adapted with permission from [164]. Copyright (2020)
American Chemical SOCIELY. ........ccccoviiieiieie e 41

Figure 2-1: Controlled expansion of polyacrylamide gels by proliferation of yeast. (A)
Schematic of shape change in living composites. In YPD, yeast proliferate
and cause expansion in the polymer matrix. (B) Optical micrographs of a
living composite before and after growth in medium. Scale bar, 30 pm. (C)
Macroscopic expansion of a living composite gel with 6 wt % yeast. Scale
bar, 7 mm. (D) Area change over time of a sample with 6 wt % yeast in the
presence of medium with and without glucose. (E) Photopatterning process
of a living composite. (F) Fluorescence images of a living composite after
UV patterning (top) and after incubation in YPD (bottom). Scale bar, 10
mm. Topography of an initially flat living composite after exposure to YPD
(right). Scale bar, 5 mm. Each data point represents the mean (n = 3), and
error bars represent SD. Trend lines are only intended to guide the eye.
Reprinted with permission from [197]. Copyright (2020) exclusive licensee
American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution License 4.0 (CC BY).....ccoovvvivieiinencieninn 48
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Figure 2-2: Shape change of living composites can be controlled. (A) Volume and
mass change of living composites as a function of yeast content. (B)
Compressive modulus and volume change as a function of cross-linker
content. (C) Flat disk exposed to spatially patterned UV light (left) in a 3-
mm-wide ring pattern (inset). After incubation in medium, a hat-like
structure with positive Gaussian curvature is observed (center, right). Scale
bar, 5 mm. (D) Flat disk exposed to spatially patterned UV light (left) in a
6-mm inner circle (inset). Upon incubation in medium, a saddle-like
structure with negative Gaussian curvature is observed (center, right). Scale
bar, 5 mm. Each data point represents the mean (n = 3), and error bars
represent SD. Trend lines are only intended to guide the eye. Reprinted with
permission from [197]. Copyright (2020) exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative
Commons Attribution License 4.0 (CC BY). .o 51

Figure 2-3: Genetic engineering enables controlled composite response to specific
cues. (A)Deletion of the HIS3 gene results in failure to proliferate in
medium lacking histidine. (B) Schematic of a UV-patterned living
composite with growth triggered by the amino acid L-histidine. (C) UV-
patterned living composites with auxotrophic yeast do not substantially
change in shape in medium lacking L-histidine. Shape change into a helical
structure after incubation in medium containing L-histidine. Scale bar, 10
mm. (D) Volume change over time for auxotrophic living composites
before and after L-histidine exposure. (E) Volume change over time for
auxotrophic living composites incubated in medium lacking histidine,
with D-histidine, or with L-histidine. (F) Schematic of a living microfluidic
device where the composites forming the channels indicated in green
contain living auxotrophic yeast. (G) Fluorescence image of fluid traversing
the microfluidic device before exposure to medium (top left). Scale bar, 10
mm. Fluorescence image of fluid traversing the microfluidic device after
medium containing L-histidine flows for 48 hours through the channels.
Topography of a living channel before and after (color scale, 0 to 0.3 mm)
growth (bottom). Scale bar, 1 mm. Each data point represents the mean (n =
3), and error bars represent SD. Trend lines are only intended to guide the
eye. Reprinted with permission from [197]. Copyright (2020) exclusive
licensee American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY)...ccccccocvvvnvrienn. 54

Figure 2-4: Genetic engineering enables optogenetic control of shape change. (A)
Schematic of a light sensitive yeast two-hybrid. Blue light induces
expression of HIS3 and lacZ reporters by inducing conformational changes
in CRY2 to favor interaction with CIB1. Reporter genes are transcribed by
recruitment of the Gal4 activation domain (AD). (B) B-Galactosidase assays
of an auxotrophic strain lacking CIB1 (negative control), a strain not
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auxotrophic for L-histidine in the dark (positive control), and the
auxotrophic strain depicted in (A) (experimental). (C) Schematic of a living
composite irradiated with blue light in growth medium lacking L-histidine.
(D) Volume change of living composites with experimental yeast irradiated
with blue light or kept in the dark. Scale bar, 5 mm. (E) Volume change of
living composites with each yeast strain when exposed to blue light or kept
in the dark. (F) Patterned photoresponsive living composite with the
experimental yeast strain in medium lacking L-histidine where blue light is
first targeted on the left side and then the right side. Scale bar, 10 mm. Each
data point represents the mean (n = 3), and error bars represent SD.
Reprinted with permission from [197]. Copyright (2020) exclusive licensee
American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution License 4.0 (CCBY).....cccoveviveveiiieireiec, 57

Figure 3-1: Fabrication of shape-morphing engineered living materials. (A)
Schematic represents the process of 4D printing a multimaterial shape-
changing ELM. (B) Chemical structures of acrylamide monomer and
bisacrylamide crosslinker, and picture of active dried yeast (Scale bar: 10
mm). Reprinted with permission from [296]. Copyright (2021) Wiley-VCH. 74

Figure 3-2: Influence of CNC on printability of ELMs and cell-free inks. (A) Log-log
plot of viscosity for each bioink composition as a function of shear rate at
room temperature. (B) Log-log plot of viscosity for each cell-free ink as a
function of shear rate at room temperature. (C) Storage and loss modulus as
a function of shear stress for each bioink composition. (D) Storage and loss
modulus as a function of shear stress for each cell-free ink composition.
Reprinted with permission from [296]. Copyright (2021) Wiley-VCH. .......... 77

Figure 3-3: Influence of CNC at varying concentrations on mechanical properties and
shape change. (A) Compressive modulus as a function of CNC content for
cell-containing and cell-free materials. (B) Volume change as a function of
time for each ELM composition. (C) ELM disk before and after growth in
synthetic complete medium. Top view shown on the left and side view
shown on the right (Scale bars: 5 mm). (D) 4D printed ELM in the form of a
disk that consists of a cell-free outer ring and a cell-containing inner disk.
After 48 h of growth in synthetic complete medium, the structure changes
shape from a negative (left) to a positive (right) Gaussian curvature
geometry (Scale bars: 10 mm). Each data point represents the mean (n = 3)
and error bars represent standard deviation. Trend lines are only intended to
guide the eye. Statistical analysis: t-test, *** P-value < 0.001. Reprinted
with permission from [296]. Copyright (2021) Wiley-VCH...........cccccovevvenene 79

Figure 3-4: Engineered probiotics can form ELMs. (A) Schematic of
engineered Saccharomyces boulardii probiotic (top). This probiotic has
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been modified to obtain four different mutants that are each auxotrophic for
either L-leucine, L-tryptophan, L-histidine, or uracil. Schematic represents
the position of the mutant streaked on synthetic medium agar plates
(bottom). (B) Growth behavior of each of the mutants on synthetic medium
agar plates that lack each of the amino acids or nucleotide. (C) Volume
change over time of ELM disks that contain S. boulardii-URA3 grown in
the presence of synthetic complete medium and synthetic medium lacking
uracil (control). (S.bou: S. boulardii; SD: synthetic medium agar; L-his: L-
histidine; L-trp: L-tryptophan; L-leu: L-leucine). Each data point represents
the mean (n = 3) and error bars represent standard deviation. Trend lines are
only intended to guide the eye. To better visualized the data, open dots
show the individual data points for ELMs grown in the presence of uracil.
Statistical analysis: t-test, * P-value < 0.05. Reprinted with permission
from [296]. Copyright (2021) Wiley-VCH. .......ccociiiiiiiiiie e 82

Figure 3-5: 4D printing ELMs capable of sequential shape change. (A) Schematic of a
printed bilayer composed of two engineered S. boulardii mutants. Bilayer is
capable of sequential shape change. (B) Curvature as a function of time of a
bilayer that contains S. boulardii mutants URA3 and TRP1. Bilayer grows
in synthetic medium lacking L-tryptophan for the first 36 h and then it
grows in synthetic medium lacking uracil for 96 h. (C) Sequential shape
change over time of the ELM bilayer (Scale bar: 10 mm). Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.......c.ccccoeiveiviiecee. 85

Figure 3-6: 4D printing ELMs capable of multiple shape change. (A) Schematic of a
printed bilayer composed of two engineered S. boulardii mutants. Top layer
is printed as stripes and bottom layer as a flat sheet. (B) Printed structure is
capable of changing shape into two different types of geometries. When the
bilayer is incubated in synthetic medium lacking L-leucine, it changes shape
into a tube-like structure (left). When it is incubated in synthetic medium
lacking L-tryptophan, the bilayer adopts a geometry with two types of
bending (right) (Scale bars: 10 mm). Reprinted with permission from [296].
Copyright (2021) WIleY-VCH. .......cceiieiice e 87

Figure 3-7: 4D printing ELM drug delivery devices. (A) Schematic of a 3D printed
ELM capsule with an embedded probiotic mutant at the base. ELM capsules
were grown in synthetic complete medium or synthetic medium lacking the
corresponding amino acid. (B) Printed capsule containing S. boulardii-
TRP1 and encapsulating model drug in the reservoir (fluorescent
microparticles). The device changes in area at the bottom and eventually
ruptures at 24 or 36 h timepoints. (C) Cumulative microparticle release
quantification. Experimental capsules rupture and release fluorescent
microparticles between 12 and 24 or 24 and 36 h of growth in synthetic
complete medium. Positive controls are manually ruptured and release
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model drug from start to end of growth in synthetic medium lacking L-
tryptophan. Negative controls incubated in synthetic medium lacking L-
tryptophan do not rupture or release model drug (Scale bars: 5 mm). Each

data point represents the mean (n = 3) and error bars represent standard
deviation. Trend lines are only intended to guide the eye. Statistical

analysis: one-way ANOVA followed by a post hoc Tukey test, * P-value <
0.05, ** P-value < 0.01. Reprinted with permission from [296]. Copyright
(2021) WHIBY-VCH. ....ocoeieieeieee ettt 89
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1. INTRODUCTION TO STIMULI RESPONSIVE ENGINEERED LIVING
MATERIALS"
1.1. Abstract
Stimuli-responsive materials are able to undergo controllable changes in
materials properties in response to external cues. Increasing efforts have been directed
towards building materials that mimic the responsive nature of biological systems.
Nevertheless, limitations remain surrounding the way these synthetic materials interact
and respond to their environment. In particular, it is difficult to synthesize synthetic
materials that respond with specificity to poorly differentiated (bio)chemical and weak
physical stimuli. The emerging area of engineered living materials (ELMs) includes
composites that combine living cells and synthetic materials. ELMs have yielded
promising advances in the creation of stimuli-responsive materials that respond with
diverse outputs in response to a broad array of biochemical and physical stimuli. This
review describes advances made in the genetic engineering of the living component and
the processing-property relationships of stimuli-responsive ELMs. Finally, the
implementation of stimuli-responsive ELMs as biosensors, drug delivery vehicles, and

soft robots is discussed.

* Reprinted with permission from “Stimuli-responsive Engineered Living Materials” by L.K Rivera-
Tarazona, Z.T Campbell, and T.H Ware, 2021. Soft Matter. 17, 785-809. Copyright [2021] by Royal

Society of Chemistry



1.2. Introduction

Stimuli-responsive materials sense and respond to environmental conditions and
enable devices with programmed functionalities, designed for applications in
biomedicine,>? wearables,>* sensors,>® actuators,’® electronics,'® and soft robotics.!*
Typically, the external cues that induce material changes include pH, light, temperature,
chemicals, humidity, or electrical fields. In response, these materials can be designed to
morph in shape,?14 change color,® heal,'® degrade,'’*® and perform other functions.*®
Stimulus-response in many materials is typically triggered by relatively strong stimuli.
Here, we define strong stimuli as changes in environmental conditions that would be
likely to cause undesired changes to other materials or living organisms surrounding the
stimuli-responsive material. In many proposed applications of stimuli-responsive
materials, including a variety of medical devices, the need for a strong stimulus is often a
limiting factor. One approach to creating polymers that respond with high specificity to
weak stimuli, such as biochemical changes, is to carefully synthesize designed binding
motifs on the polymer.2%2t While some biomolecules might be relatively easily detected,
such as enzymes, many less reactive molecules are difficult to detect. Stimuli-responsive
materials that respond with high sensitivity has attracted the attention of material
scientists to create materials that mimic the functions and behaviors of living organisms.
Although significant efforts have been developed,?>23 it is still challenging to create
materials that perform complex biological functions such as chemotaxis, adaptation,
growth, and metabolic functions in response to highly specific and weak stimuli. Living

organisms respond to weak stimuli in ways that are encoded by the information in the



genome. This response can be inherent to the organism or programmed to enhance
sensitivity to surrounding the environment. To survive, cells must process dynamic
changes in the form of mechanical and biochemical signals that are poorly differentiated
(e.g. diastereomers). Living cells are capable of adapting to their environment, are highly
efficient metabolic machines, and are often genetically manipulable.

Engineered living materials (ELMs) integrate living and non-living components.
They can harness the biological potential of cells to enable dynamic, self-assembling,
and functional materials. 24?7 Previous reviews that describe ELMs focus on engineering
biological cells that act as living factories or modulate the performance of novel
materials,? programming cells to produce materials with functional properties, 2 and
integrating cells with synthetic materials to develop sensors and actuators.?” For
example, ELMs have been developed to utilize engineered cells for the synthesis of
materials, such as amyloid proteins that form biofilms,?8-3 cellulose,®* and other
polysaccharides.3? These extracellular materials have been investigated to perform
different functionalities, such as self-regeneration and adhesion to surfaces. For the
purpose of this review, we focus on describing stimuli-responsive ELMSs, where living
cells are incorporated within materials and are used to endow materials with stimuli-
responsive functions. These materials offer opportunities to program specific responses
in devices that require weak and poorly differentiated stimuli to perform diverse
functions.

To fabricate stimuli-responsive ELMs, the design of a well-engineered matrix to

address control, stability, and survival of the living component is necessary. Several
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strategies for cell immobilization in or on polymer materials have been implemented,
such as adsorption on surfaces, emulsification, extrusion, coacervation, and spray
drying.3® Synthetic hydrogels are often used as scaffolds and embedding matrices
because they provide a protective environment for living cells and allow the exchange of
nutrients and waste.34-3¢ Strategies used to create ELMs are related to the strategies of
tissue engineering, where macroscopic tissues and organs are created by controlling
mammalian cell proliferation and differentiation.3”*® Nevertheless, mammalian cells are
fragile. Small changes in their environment can result in death and their growth
conditions require well-controlled maintenance for long-term survival. By comparison,
bacteria, yeast, and microalgae are substantially more robust. Microorganisms thrive in a
wide range of environmental conditions because of their adaptive and metabolic
behavior. These living cells act as sensing machines that detect small, weak molecule
concentrations or changes in natural or physiological environments. Importantly,
advances in genetic engineering technologies enable a wide range of possibilities to
design living cells with programmable sensing and functions. Characteristics such as
high sensitivity and specificity to weak stimuli, robustness, orthogonality, continuous
sensing, and scalability can be achieved.®>#° In order to build stimuli-responsive ELMs,
cells with such characteristics must modulate the physical or chemical properties of the
material or modify the surrounding environment upon exposure to external stimuli.

In this review, we briefly present relevant advances in the field of synthetic
biology for the design of stimuli-responsive ELMs that sense the external environment

and respond in a controlled manner. Next, we explore strategies for the manufacturing
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and processing of these materials (Figure 1-1). Finally, we highlight different

applications of stimuli-responsive ELMs in the biomedical field.
Stimuli-responsive Engineered Living Materials

Environmental and
biomedical applications
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Figure 1-1: Stimuli-responsive engineered living materials. Schematic representation
of ELMs that sense the external environment and respond in a controlled manner.
Materials that contain genetically engineered living components are capable of sensing
specific stimuli. Upon detection, cells can mediate a broad range of ELM responses.
These include practical environmental and biomedical applications, such as biosensing,
drug delivery, and robotic function. Reprinted with permission from [255]. Copyright
(2021) Royal Society of Chemistry.

1.3. Engineered living materials design and processing

The design of materials that actively respond to the environment and perform
programmed functionalities can be achieved by incorporating genetically engineered
living microorganisms. Living cells such as bacteria, yeast, and microalgae can be
tailored to sense and detect changes in their environmental conditions. Encapsulating
these cells in materials enables the fabrication of ELMs with stimuli-responsiveness.
Genetically engineered cells can be incorporated to engender a range of inputs, such as

single chemicals or light, and programmed outputs, such as the production of enzymes or

the expression of proteins. Reporters have been in use in molecular biology for decades.
5



Their application to ELMs enables precise quantification of cell proliferation,
fluorescence, bioluminescence, or colorimetric parameters within materials.! The union
of genetic manipulation and materials science enables the fabrication of stimuli-
responsive ELMs for a broad range of practical applications.
1.3.1. Synthetic biology for the development of stimuli-responsive ELMs

Synthetic biology enables the reprogramming of the biological functions of
microorganisms to achieve desired and specific responses.*>-4° Engineered prokaryotic
and eukaryotic cells can be used as stimuli-responsive elements for ELM devices, where
generally weak signals detected by the cells can produce output signals represented by a
change in cell proliferation, function, or metabolic activity. These changes can directly
modulate the properties or functions of the device, for example, by changing the
material’s shape to create soft actuators or by releasing molecules locally for drug
delivery. One common route to create an ELM is to modify the embedded living
components to express reporter genes that encode for proteins that produce measurable
signals in response to target stimuli.*® Common reporters used produce a fluorescent,
colorimetric, or bioluminescent signal when a chemical or physical stimulus is detected
(e.g., biochemicals, light). Fluorescent reporters such as green fluorescent protein (GFP),
from the jellyfish Aequorea Victoria, can be employed to identify cells, protein
localization, and transcriptional activity. GFP can be readily visualized, is non-toxic for
cells, and does not require the presence of substrates other than oxygen for the
maturation of the chromophore.*” Enzymatic reporters such as B-galactosidase, from

Escherichia coli (E. coli) encoded by the lacZ gene, react with an external substrate and
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yield a product that can be detected by colorimetric assays.*® Bioluminescent systems
have evolved independently on well over 30 occasions.*® In eukaryotic applications, the
sea pansy (Renilla), copepod (Guassia), and firefly enzymes are the most common. In
bacterial reporters, the Vibrio luciferase alpha and beta chains are used to emit light.50:5?
The use of reporters permeates the life science as they have been used extensively to
monitor protein-protein interactions, transcription, recombination events, and
transduction efficiencies.*”5253 Notably, when implementing these reporter systems
within materials, ELMs can be leveraged to create biosensing devices that detect specific
signals and report by changing the physical properties of the material (e.g., production of
visual outputs). The fabrication of stimuli-responsive ELMs offers exciting opportunities
in the development of environmental remediation and biomedical technologies.

Gene expression can be activated or repressed.> For example, transcriptional
induction can occur in response to chemicals such as isopropyl f-D-1-
thiogalactopyranoside (IPTG).> IPTG causes a transcriptional repressor to be
inactivated and enables production of genes under the control of a lac operator sequence.
There are a range of promoters that can be utilized to enable a range of chemical stimuli.
By coupling sensing elements to reporter genes, cells can report the presence of a
specific chemical inducer and initiate production of reporter genes such as GFP (Figure
1-2A).%857 Control of gene expression by chemical induction is slow, concentration
dependent, and can require generations to reverse. Applications when dynamic control of
cell behavior is necessary require more precise controls.> Optogenetic switches make

use of light to control gene expression. They can provide fine spatial and temporal



control of gene expression. Optogenetic switches have been introduced in bacteria,
yeast, and mammalian cells for drug screening, cell signaling, biosynthesis of target
molecules, and control of mechanical responses.%-52 For example, genetically
engineered E. coli were constructed with an optogenetic switch that activated
intracellular drug production upon illumination with blue light.%® Thermal bioswitches
have been constructed with expression systems that activate at different transition
temperatures.®* For example, E. coli was modified to express GFP after external
induction with focused ultrasound or after detecting fever within a mammalian host.54
Other genetic circuits have been engineered to sense changes in pH for the dynamic
regulation of extracellular organic compounds.®® For example, when using sugar acids,
such as D-xylose, as substrates for cell growth, the substrate oxidates to D-xylonic acid
and acidifies the media. This media acidification can be detrimental to cell growth. To
address this issue, a genetic circuit that utilized a pH-responsive receptor protein was
tested in E. coli to control D-xylonic acid accumulation by detecting changes in
extracellular pH.% Other sensing circuits engineered in living cells have been used for
the detection of heavy metals,®®%” organic compounds,® and biomarkers.®® The
responses obtained from these engineered living cells can enable new levels of control

over the functions of synthetic materials.



Synthetic biology for the design of stimuli-responsive ELMs
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Figure 1-2: Synthetic biology for the design of stimuli-responsive ELM devices. (A)
Schematic representation of an ELM with stimuli-responsive properties. The material
incorporates living bacteria genetically engineered to express a fluorescent protein
(GFP) in response to external stimuli. The living component allows the ELM to produce
an optical signal that can be detected and measured. Reproduced with permission from
[56]. Copyright (2017) PNAS. (B) Logic gates achieved in 3D-printed, stimuli-
responsive ELMs. Programmed bacterial strains embedded in 3D printed structures
perform computational operations (AND, OR, NAND). These cells act as outputs that
detect the presence or absence of chemical components within the same structure and
report by the presence or absence of GFP production after achieving a specific logical
function. Adapted with permission from [76]. Copyright (2017) Wiley-VCH.

The development of engineered cells for environmental and biomedical
applications has rapidly improved. Methods to optimize genetic circuit performance

have focused on lowering limits of detection, increasing selectivity, and modulating

dynamic range.”® Signal processing methods include the integration of logic gates to



detect multiple target stimuli or genetic amplifiers to enhance expression and increase
dynamic range to ensure good signal-to-noise ratios.”%? Logic gates allow the
programmed recognition of multiple inputs to trigger a desired output.”"* For example,
genetic circuits that respond to both pH and temperature have been engineered to
perform complex logical AND or NAND operations involved in the regulation of GFP
expression.” Programmed bacterial strains have been integrated in 3D structures to
perform complex logic functions by interacting with each other and with external
chemical inducers (Figure 1-2B).® Methods that involve genetic amplifiers have been
studied to increase sensitivity and improve transcriptional input signals with large output
dynamic ranges. These signal amplifiers have been proposed to be used in environmental
applications where pollutants could be detected at low concentrations.”” For example, an
arsenic responsive circuit, built with a fixed-gain amplifier, was engineered in E. coli to
generate a GFP output signal in response to arsenite concentrations as low as 0.25 uM.
Genetically programmed cells that detect the variety of stimuli described above and
perform intricate signal processing tasks will open new opportunities in the design of
stimuli-responsive ELMs.

Manufacturing methods to introduce engineered cells in appropriate matrices are
needed to design stimuli-responsive ELMs. In the next section, we will describe
fabrication methods that incorporate living organisms into devices for use in
environmental remediation, biosensors, drug delivery, soft robotics, self-healing, and

self-cleaning applications.
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1.3.2. Processing techniques for the manufacturing of stimuli-responsive ELMs

Processing techniques can be implemented to generate stimuli-responsive ELM
devices. Typically, living cells are encapsulated or immobilized in soft matrices by
chemical or physical crosslinking, adsorbed on surfaces or membranes, or encapsulated
using microfluidic techniques.”® In each of these approaches, traditional materials
processing concerns, such as geometric control, microstructural control, and throughput,
are combined with a need to maintain the viability of the living cells. We will highlight
both 3D-printing and electrospinning as powerful approaches to create ELMs with
programmable properties. 3D-printing enables constructs with site-specific control over
cell distribution in a pre-designed format. Electrospinning of polymer-cell composites
enables the fabrication of fabrics with controllable architecture and mechanics. These
processing techniques enable nano, micro, and macroscale control to construct 3D
environments suitable for cell encapsulation. As many processing methods to build
complex ELM structures described in the literature encompass these techniques, we
emphasize relevant work that uses such technologies. Finally, we will also describe
additional processing methods for the production of ELMs.

The fabrication of ELMs with 3D printing and electrospinning techniques
enables digitally-defined structures. Most frequently, 3D-printed ELMs are printed using
extrusion-based techniques, such as direct-ink-write printing. Direct-ink-write printing
makes use of biologically active microorganisms contained in a soft pre-gel matrix with

shear-thinning properties, typically called “bioink.” Materials with these properties can
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be extruded under shear forces and have the ability to maintain the shape of the sheared
structure before further crosslinking. Within these bioinks, the unpolymerized matrix
should be compatible with the cells and serve as a protective matrix against stresses
induced during the printing or electrospinning process and should maintain cellular
functions after crosslinking. Hydrogels are typically used in the synthesis of bioinks
because they are able to mimic an environment that maintains the biological functions of
the living component. Common examples of biocompatible hydrogels include the use of
natural and synthetic networks such as agarose, alginate, gelatin, collagen, fibrin,
polyacrylamide, polyethylene glycol diacrylate, among others.8*-8* Natural hydrogels
offer high biocompatibility and cell viability but typically consist of physically
crosslinked networks with weak mechanical properties. Synthetic hydrogels with
chemically crosslinked networks permit cellular function and tunability of the
mechanical properties. The development of bioinks with enhanced printability and
biocompatibility have been explored by introducing functional groups via crosslinking
or by using reinforcing materials that can enhance printing and electrospinning
resolution.®® Bioinks with improved mechanical integrity and print fidelity, while
maintaining biocompatibility and cellular functions, continue to progress.8-2°

Strategies that utilize 3D-printing technologies to develop structures with control
over cell distribution and cell density have been reported. For example, multiple
bacterial species 3D-printed to form living microstructures have been created to study
cell-cell interactions and behaviors.®® In another study, bacterial spores were printed

within agarose gels to create living materials capable of surviving extreme conditions
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and detecting chemicals or harmful bacteria when germinated.®* Moreover, digital
fabrication platforms have been described to control chemical distribution within 3D
printed biohybrid objects and facilitate interactions between genetic constructs and
chemical signaling profiles.®? Other examples used mixtures of alginate and E. coli
transformed to express red fluorescent proteins. These mixtures were printed on the
millimeter-scale to create physically crosslinked structures that responded to external
chemical inducers.®® The development of functional living inks to 3D print multiple
bacterial strains has been demonstrated in the design of living materials with pre-
determined functionalities for biomedical applications (Figure 1-3A).%4% Besides the
advances in bacterial processing, other microorganisms such as yeast and microalgae
have been utilized to manufacture ELMs. For example, Saccharomyces cerevisiae has
been printed within high-resolution scaffolds at low and high cell concentrations for the
production of ethanol from glucose fermentation.888° Microalgae were deposited in a
layer-by-layer manner to create algae hybrids and study microalgal cell behavior and
long-term viability.®® Microorganisms from multiple kingdoms, like bacteria, algae, and
yeast, were distributed within the same 3D-printed structure to study viability and
cellular growth behaviors (Figure 1-3B).%" This approach could offer new
understandings in the way different species behave within the same encapsulating
structure or provide methods to create ELMs for cell-cell communication and

interactions with the external environment or the encapsulating matrix.
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Figure 1-3: Fabrication strategies for the development of stimuli-responsive ELMs.
(A) Schematic representation of a 3D printing process for the fabrication of functional
printable living materials that can be implemented in biomedical and environmental
remediation applications. Reproduced with permission from [95]. Copyright (2018)
Elsevier Ltd. (B) 3D printing approaches can be used to build structures that contain
multiple cell types. Adapted with permission from [97]. Copyright (2020) Wiley-VCH.
(C) Schematic of an electrospinning process for the encapsulation of bacteria within
nanofibrous webs. Picture and SEM micrograph of bacteria encapsulated in electrospun
fibers. Reproduced with permission from [99]. Copyright (2017) Elsevier Ltd. (D) Yeast
cells were encapsulated in core—shell polymeric nanofiber. Micrographs showing yeast
cells encapsulated within the fibers. Reproduced with permission from [100]. Copyright
(2015) American Chemical Society.

Application

Electrospinning is a highly versatile processing method that utilizes electrostatic
forces to assemble micro/nanometer-scale non-woven polymeric fibers with high

porosity and large surface area. It has been implemented in the encapsulation of
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microorganisms for delivery systems of probiotics, molecule sensing, agriculture,
wastewater bioremediation, and drug delivery (Figure 1-3C, D).%8-19 Probiotic
Lactobacillus species are viable in encapsulated polyethylene oxide nanofibers after
electrospinning.t? In the encapsulation of fungi, Kluyveromyces lactis and S. cerevisiae
were combined with polyvinyl alcohol or cellulose acetate to produce electrospun ELM
nanofibers. These structures can remove aflatoxin B2, which is a toxic metabolite with
adverse effects produced by fungi found growing on agricultural products.'%? In general,
3D-printing and electrospinning approaches allow the top-down fabrication of structures
that contain living organisms. One major advantage of these additive processing
strategies is that both processes facilitate the fabrication of ELMs with multiple species.
The co-location of multiple species is a physical strategy that can be used to complement
genetic engineering strategies to enable greater functionality in response to a single
stimulus or the ability to respond to multiple stimuli. These approaches mirror work
where disparate synthetic materials are built into responsive structures; for example,
structures that respond to both temperature and pH can be fabricated.%® Incorporating
multiple species in one structure could enable high specificity and selectivity to a variety
of external stimuli, for example, by reporting the presence of multiple biomarkers in the
same environment.

Additional techniques used for the fabrication of ELMs include wet spinning and
roll-to-roll processes.'%*1% Both wet-spinning and roll-to-roll techniques are highly
scalable. For wet spinning methods used in ELMs, polyvinyl alcohol (PVA) microfibers

containing dispersed Micrococcus luteus or Nitrobacter winogradskyi bacteria were used
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for gold sequestration and nitrate bioremediation, respectively. Using energy-dispersive
X-ray spectroscopy and transmission electron microscopy, it was shown that the
embedded M. luteus had successfully sequestered the gold into the composites. For
bioremediation, the fibers encapsulating N. winogradskyi were capable of oxidizing
nitrite and it was demonstrated by observing a decrease of nitrite concentration
surrounding the fiber.1%* A roll-to-roll continuous coating process was demonstrated to
build an ELM based on engineered Bacillus subtilis endospores. The cells were
encapsulated in a PVA hydrogel and were cast onto a nonwoven poly(ethylene)
terephthalate support. It was observed that cells retained functionality during this process
as they were capable of generating a fluorescence signal after IPTG sensing.1%

In summary, the combination of synthetic biology and materials science offers
new methods to develop stimuli-responsive ELMs with well-defined functions. High
specificity to a variety of molecules can be programmed into cells to produce composites
that sense, respond, and modify the physical or chemical properties of the material itself
or the surrounding environment. By implementing processing tools to control the spatial
distribution of cells, living responsive devices for biomedical applications can be
designed.

1.4. Applications of stimuli-responsive engineered living materials

The applications described in this section focus on ELMs with stimuli-

responsiveness for and biomedical challenges. The combination of synthetic biology

tools to address the control of living cells and processing techniques allows the
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fabrication of ELMs to build devices for sensing in biomedical applications, devices for
drug delivery platforms, and soft biohybrid robots.
1.4.1. Biomedical applications
1.4.1.1. Biosensing technologies for molecule detection and diagnostics

The integration of genetically engineered cells into materials enables stimuli-
responsive ELM wearables for healthcare monitoring. Non-living, sensing wearables
have been extensively studied to monitor temperature, strain,'%” pressure,' and
metabolites found in body fluids!?®!1° with selectivity and high sensitivity.11112 They
offer significant advantages for non-invasive and continuous real-time monitoring for
diagnostics, especially when the wearables are designed to collect data wirelessly.
Nevertheless, incorporation of electrodes, flexible printed circuits, and power supply
units are still needed to design high-performance, functional devices. Stimuli-responsive
ELMs to build wearables that do not require the use of power for data collection and
processing, show significant promise in the screening of weak stimuli, such as target
biomarkers, for diagnostics. For example, materials integrating bacteria programmed
with genetic circuits have been fabricated as living wearable sensing patches that adhere
to the skin and wearable gloves with chemical detectors at the fingertips.® These devices
consisted of tough, stretchable polyacrylamide-alginate hydrogel and silicone elastomer
covalently bonded to create bilayers encapsulating different genetically engineered E.
coli strains. These strains express GFP when detecting chemical stimuli, such as N-acyl
homoserine lactone (AHL), IPTG, and rhamnose (Rham). Interactions between these

chemicals and the living material are created via chemical diffusion through the
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hydrogel, where expression of GFP is observed as an output reporting signal when each
bacterial strain detects their specific cognate inducer. As a result, the ELM sensing
patches and gloves became fluorescent in their presence.® The same research group
developed a 3D-printed living, stretchable tattoo that integrates these multiple GFP-
expressing bacterial strains for the detection of chemicals applied on human skin. 3D-
printable bioinks were synthesized that contained the programmed E. coli strains,
Pluronic F127 diacrylate micelles to provide rheological behavior, photoinitiator to
allow further crosslinking, and nutrient media to maintain cell viability. Upon exposure
to each chemical inducer on the skin, a specific region of the tattoo produced
fluorescence (Figure 1-4A). The wearable device was capable of resisting skin
deformation without showing any signs of detachment or damage.’® Responsive ELMs
for wearable textiles have utilized genetically engineered E. coli patterned on cotton or
plastics, by inducing cell adhesion in response to colored light. An E. coli strain was
designed to encode a csgBAC operon, controlled by a blue light promoter, involved in
the synthesis of curli fibers that anchor the formation of biofilms. Additionally, it
included another promoter involved in the production of GFP under green light. To
create wearable ELMs, the engineered bacteria were first adhered on cotton fabric by
forming a biofilm in response to blue light. Then, ELM response was assessed by
incubating the living fabric and shinning green light at 532 nm to induce expression of
GFP. GFP fluorescence was then visualized under blue-light transillumination. Living
fabrics exposed to green light showed 65% more fluorescence than fabrics not induced

by green light.*3 ELMs with a hygroscopic response to sweat have been used to build
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smart garments.*'* The wearable was designed by incorporating moisture-responsive E.
coli onto moisture-inert films, like latex, to create ventilating flaps in a running suit. The
responsive flaps in the suit opened when detecting body sweat from a wearer during
exercise. The suit could control body temperature and could effectively remove body
sweat (Figure 1-4B, C). Additionally, the same study designed a fluorescent running
shoe prototype that incorporated GFP-expressing E. coli on the ventilating flaps. The
shoe’s flaps bent and exhibited increased fluorescence intensities when humidity
conditions increased around the sole of the shoe.'* In general, even though these ELM
wearables utilize engineered strains for proof-of-concept monitoring of chemicals and
physical stimuli, devices that detect physiologically relevant molecules could open
future work in the fabrication of stimuli-responsive ELM biosensors for real-time point-
of-care diagnostics.

Materials used to sense biomolecules for the development of medical
technologies are highly desired for their use in diagnostic applications and early
detection of diseases. One approach is to use stimuli-responsive polymers for sensing
weak stimuli, by including recognition units such as phenylboronic acid-based polymers
that detect sugars and respond with a change in diffraction,*'® wettability,*6 or
fluorescence quenching.!!” These materials are stable in physiological conditions, but
frequently have poor selectivity for saccharides. Other approaches utilize enzyme-
functionalized materials that contain moieties for the catalysis of specific reactions
which, in turn, leads to physicochemical changes in the material. Such methods include

color-changing hydrogels that respond to analytes, including urea and glucose.!1811°
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Often, these enzyme-functionalized hydrogels suffer from poor stability because of their
sensitivity to environmental conditions.12012! Stability and selectivity can be achieved
with the use of molecularly imprinted polymers for the specific detection of biomarkers
related to different diseases, like phenylketonuria, cancer and immune-suppressant
disorders.1?2123 Often times, these polymers have poor water compatibility that can
affect sensing performance and affinity.*?* Stimuli-responsive ELMs offer unique
advantages in next generation biosensing technologies for detection and diagnostics.

Detection of physiologically relevant molecules, that are usually weak in nature,
with stimuli-responsive ELMs has been achieved with biological paper analytical
devices (bioPADs),?>126 tough hydrogel biocontainment platforms,'?” and a wireless
analytical device.'? bioPADs composed of filter paper, ink, genetically engineered
yeast, and hydrogel have been designed to detect doxycycline at concentrations down to
0.3 ng/mL. The living yeast biosensors utilized S. cerevisiae strains transformed with
tetracycline responsive plasmids, linked to the red fluorescent reporter protein yEmRFP.
The plasmids contain a reverse tetracycline transactivator, rtTA, capable of activating in
the presence of the antibiotic doxycycline. The detection of the antibiotic promotes the
transcription of the reporter gene to generate a readable fluorescent signal. The bioPAD
was designed using paper filter printed with patterns that served to spot a pre-gel
solution of sodium alginate containing the yeast. The gel was then crosslinked by
submerging in calcium chloride to entrap the cells in the paper device. Results showed
that bioPADs were capable of producing fluorescent signals when exposed to

physiological fluids of human urine or bovine serum spiked with doxycycline (Figure 1-
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4D, E).1% In vitro sensing of physiological molecules can also be performed using tough
polyacrylamide/alginate hydrogel biocontainment beads. These beads encapsulate
engineered probiotic E. coli efficient in the detection of heme. Heme sensing is possible
because cells carry an outer membrane hemin receptor (chuA) and a bioluminescent
reporter. When heme is internalized through this transporter, it interacts with the
transcriptional repressor HtrR, to then generate a bioluminescent signal from expression
of the bacterial luxCDABE operon. The tough biocontainment ELMs were capable of
sensing heme released from defibrinated blood and producing a significant increase in
bioluminescence activity.'?” A monitoring device suitable for in vivo sensing of
gastrointestinal molecules has been previously demonstrated by incorporating the above-
mentioned heme responsive bacterial strain in a wireless readout capsule. The ingestible
micro-bio-electronic device (IMBED) combines bacteria with microelectronics to enable
local sensing of disease-related biomolecules (heme, AHL, thiosulfate) associated with
the state of disease in the gastrointestinal tract. IMBEDs were built to detect
bioluminescence generated by the engineered bacteria, using phototransistors that
convert the signal to a digital code and transmit it wirelessly to an external device
(Figure 1-4F). The capsule was deposited into the stomach of a porcine model of
gastrointestinal bleeding, and detection in response to heme was achieved in less than an
hour after deployment (Figure 1-4G). Small amounts of the molecule were able to be

detected with high specificity and sensitivity.?
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Figure 1-4: Stimuli-responsive ELMs for wearable, analytical, and monitoring
devices. (A) 3D-printed ELM tattoo encapsulating engineered bacteria that sense
different chemicals on the skin. The tattoo is capable of reporting the presence of
chemicals by emitting fluorescence. Adapted with permission from [76]. Copyright
(2017) Wiley-VCH. (B) Moisture-responsive films that change shape under humidity
conditions. (C) Smart wearable suit with flat ventilating flaps before exercise (left) and
bent flaps after exercise. Adapted with permission from [114]. Copyright (2017)
exclusive liscensee American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC)
http://creativecommons.org/licenses/by-nc/4.0/. (D) Fluorescent bioPAD spotted with
modified yeast embedded in a hydrogel matrix. The device was developed in a reservoir
of media containing doxycycline (left). Fluorescence was monitored over time in
bioPADs treated with or without 100 ug mL—1 of doxycycline (right). E) Device treated
with 100 pg mL—1 of doxycycline was imaged in a fluorescence lightbox. Adapted with
permission from [126]. Copyright (2020) Royal Society of Chemistry. (F) Electrical
system diagram of the ingestible, monitoring device. (G) Schematic of a porcine model
22



of gastrointestinal bleeding. Blood was administered, capsule was then deposited, and
collected data was wirelessly transmitted (left). Photocurrent measurements over time of
the device in the presence or absence of blood. Data was collected from the porcine
model of gastric bleeding (right). Adapted with permission from [128]. Copyright (2018)
American Association for the Advancement of Science.

1.4.1.1.1. Ongoing challenges and future directions

Stimuli-responsive ELMs for wearable, analytical, and monitoring biosensors
offer great opportunities in detection and monitoring of physiologically relevant
molecules. The key advantages of using ELMs to detect molecules related to disease
states include that the biosensors are highly sensitive and specific and can report through
the activation of gene expression. However, their implementation in real-world
biomedical applications is a key challenge. When using ELM wearables, living cells
entrapped in fabrics or hydrogels are prone to dehydration and may have limited nutrient
exchange with the human body. One potential opportunity to overcome this limitation is
to engineered cells to survive for long periods of starvation or utilize available
molecules, such as those found in sweat, as a form of energy source.'?® Future studies
could have a focus on developing wearables that use engineered cells for targeted drug
delivery, monitoring disease-related biomarkers, and measuring body temperatures on
the skin. Analytical ELMs based on paper scaffolds provide control of nutrient and
oxygen diffusion for efficient cell viability. They are generally suitable for high-
throughput analysis of body fluids and are compatible with cells.**® Wearables and
analytical paper-based devices provide information from biomarkers found in blood,
saliva, sweat, tears, and urine. However, one of the most important advantages of

utilizing stimuli-responsive ELMs, is their versatility to be used for in vivo monitoring.
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For example, the gastrointestinal tract provides a rich source of biomarkers related to
health and disease state. Genetically engineered cells have been studied to sense levels
of gut biomarkers, report disease, and deliver therapeutics.*3! Nevertheless, a key
challenge is that many biomarkers of interest cannot be detected because their receptors
have not been fully studied or have not yet been identified.3? This issue limits biosensor
applicability. Some strategies described in this section use ELMs to monitor biomarkers
related to gut disease. However, when translating these strategies for use in vivo,
different aspects, such as the highly acidic environment of the stomach, areas of near
anaerobic conditions, and highly variable transit time need to be considered to ensure
sensor performance.'3 In addition, when building ELMs, a major design consideration is
the selection of strains that colonize or do not colonize the gut if cell leakage from the
device is present. Some strains colonize the gut without disrupting the microbiome, and
others could generate serious side effects.*** We expect that future advances in synthetic
biology greatly expand the use of stimuli-responsive ELMs that could be effective in the
detection and quantification of complex, highly specific molecules for healthcare
applications.

The design of ELM biosensors with stimuli-responsiveness to physiologically
relevant biomolecules is of great interest in creating wearable or monitoring devices.
Synthetic biology tools could enable the development of microorganisms that respond to
multiple stimuli and could open new ways to facilitate the design of ELMs for
personalized medicine. The use of microorganisms can be further explored to design

ELMs for delivery of therapeutics. In the next section, we expand on the use of stimuli-
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responsive ELM devices that sense the environment and produce molecules for the
design of drug delivery platforms.
1.4.1.2. Drug delivery platforms

Integrating biological and synthetic components is a promising strategy to obtain
specific control of drug delivery. Stimuli-responsive polymeric materials, such as
responsive drug-loaded microcarriers, are often functionalized to recognize biological
changes in the body that alter material properties such as solubility, shape, or state of
aggregation.t3>136 Materials that perform these functions are desired to enable on-
demand delivery of therapeutics, with spatial and temporal controlled release triggered
by strong physical, chemical, or biological stimuli.*3” Different stimuli such as
temperature, magnetic fields, ultrasound, light, pH, redox gradients, and enzymes have
been investigated for the potential release of drugs at specific areas within the body.38
143 These stimuli are often strong and non-specific and when used in physiological
conditions, they can be triggered at undesired sites or they can disrupt the environment
surrounding the material. Materials that carry a payload and detect these stimuli can
change shape, burst, degrade, or solubilize. However, the local changes associated with
disease are often subtle, which complicates the design of synthetic materials that can
sense and respond to this disease state by releasing a drug. New design concepts that use
metabolically-engineered bacteria or fungi have been proposed as they avoid previous
drug manufacturing, drug encapsulation, and drug stability.14414% Synthetic biological
therapies that use engineered bacteria have been reported for cancer therapy and

diagnosis,'#6-14% treatment for genetic conditions,° therapies for infectious
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conditions,'®! and treatment for gastrointestinal disorders.>> However, some issues with
colonization of these microorganisms could generate undesirable immune responses or
infections. Microorganisms could freely circulate within the body or deliver a drug in a
non-specific location, making these approaches complicated for clinical translations.'#*
ELMs with stimuli-responsiveness to biological molecules or specific cues, may offer
opportunities where living cells can be contained and used to deliver drugs at specific
locations within the body. Importantly, the use of ELMs may provide ways to remove
microorganisms when their functions are complete.

Towards the development of drug delivery ELMs, encapsulation of bacteria has
been reported to endow materials with drug-producing capabilities. A study that utilized
a bacterial strain of Serratia marscescens developed a stimuli-responsive ELM for the
production of prodigiosin.t>® This red-pigmented metabolite, produced by the bacteria,
has been found to have antimicrobial and anticancer activities.'®* Silica matrices were
used to encapsulate the bacterial cells and nutrients were provided as external stimuli to
induce the production of prodigiosin. Production of this metabolite was observed within
the matrix but appeared to be slower than the production obtained from freely suspended
cells. The inclusion of quorum sensing molecules to the media, such as acylated
homoserine lactones (5 M), appeared to enhance viability and increase prodigiosin
production by 20% more than the production obtained in the absence of these
molecules.®® In another report, probiotic bacteria, E. coli Nissle 1917, was transformed
to encode GFP and to secrete model proteins. Cells were entrapped in electrospun

polyethylene glycol-polylactide porous fibers and further immobilized by adsorption or
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covalent binding to the surface of the fibers.'>® These porous fibers allow sufficient
nutrient diffusion for cell growth and protein secretion when exposed to chemical
stimuli. ELMs were incubated in the presence of the chemical inducer IPTG (1 mM) to
induce cell proliferation. The structures were capable of undergoing fluorescence by
expression of intracellular GFP and also secrete the proteins into media.'®® This strategy
serves as a proof-of-concept approach for the development of drug delivery devices that
use probiotics for the potential release of therapeutic drugs in the body. Another drug
delivery approach utilized light to spatially and temporarily control intracellular drug
production in bacteria. This study made use of an endotoxin-free E. coli strain
encapsulated in agarose hydrogels.®® This strain was programmed to express a VioABCE
operon for the metabolic production of deoxyviolacein (dVio), a bacterial metabolite
with anti-bacterial, anti-fungal, and anti-tumor activities.'®%%" The vioABCE operon was
placed next to the optogenetic plasmid pDawn, to build a genetic circuit with light-
responsive capabilities for the production of dVio (Figure 1-5A). It was found that, when
the ELM was exposed locally to blue light, in situ production of dVio was obtained
(Figure 1-5B).%2 In addition, drug production led to a change in color of the material to a
dark purple and the development of weak fluorescence when the material was exposed to
light intensities of 1.38 mW/cm? (Fig. 6A). Nevertheless, the drug remained in the
bacterial cytosol and was only released when a nonionic surfactant was provided to the
hybrid material .53 Similar to this approach, the same group developed an ELM using E.
coli encapsulated in agarose gels that delivered a protein in response to blue light.8

Bacteria were constructed with a streptadivin-binding peptide containing RFP. The ELM

27



was capable of expressing RFP protein within the gel and secrete it to the surrounding
growth media using blue light. Fluorescence changes within the ELM were observed,
and protein secretion of around 40 ng per 10 uL of bacterial hydrogel was obtained
within a day of pulse-cycle light illumination.'®® In the next approach, E. coli was
engineered to produce a cell-adhesive protein on the bacterial surface.>

Bacteria were engineered to express an RGD adhesive miniprotein along with a
red fluorescent protein when sensing the presence of a photoactivatable version of IPTG
(PA-IPTG). Bacteria were immobilized on poly-D-Lysine coated nexterion slides and
induced with PA-IPTG and a light source. This stimulus activated miniprotein
expression in the cell membrane and the production of RFP. To study the presence of the
miniprotein produced, mouse embryonic fibroblasts were seeded on the materials. These
fibroblasts displayed integrins that interacted with the proteins and adhered to the ELM.
Additionally, it was observed that RFP could eventually secrete outside of the bacteria,
which opens up opportunities to target drug delivery in mammalian cells.*>® These
approaches enable the specific control of light for spatio-temporal control of bacterial
metabolic functions for drug production. Further studies could be investigated towards
the implementation of material processing techniques that allow better diffusion of
nutrients and penetration of light for secretion of drugs.

The design of materials that actively secrete drugs to the surroundings are highly
desired. To create drug-releasing ELMs, an antibiotic-producing fungus, Penicillium
chrysogenum, was encapsulated in a sandwich-like structure for the production of

penicillin. The structure consisted of a nanoporous top layer for diffusion of nutrients, a
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middle layer made of agar and the living component, and a bottom layer for mechanical
support. The resulting ELMs were capable of maintaining sustained release of penicillin
for days when the materials were provided with sufficient external nutrients. The
nutrients diffused through the top layer and allowed the fungi to grow and release
penicillin on top of the ELM surface. Further, the material could effectively inhibit the
growth of penicillin-sensitive Staphylococcus carnosus within one day.*6 In other
studies, the use of bacteria, such as Lactococcus lactis, was harnessed to control the
behavior of human mesenchymal stem cells (hMSCs) upon addition of peptides, such as
nisin.'6! Bacteria were engineered to express human fibronectin to support stem cell
adhesion and to secrete a bone morphogenic protein (BMP-2) that induces osteogenic
differentiation in hMSCs. Addition of nisin as an external stimulus promoted fibronectin
expression on the bacterial cell membrane and the secretion of BMP-2 to the
extracellular environment. To build ELMs, engineered bacteria were cultured on
different materials, such as poly(ethyl acrylate) or collagen, to allow biofilm formation
and adherence to the substrate. ELM function was tested using different concentrations
of nisin. After adding 10 ng/mL of this molecule to the ELM, fibronectin expression was
induced, and subsequent hMSC adhesion was obtained. In addition, bacterial cells were
capable of secreting high concentrations of BMP-2 (200 ng/mL) that contributed to
osteogenic differentiation of hMSCs.16! These stimuli-responsive ELMs are suitable for
delivery of proteins to the surrounding environment and enable strategies that can be
used for stem cell research or drug-delivery platforms. The same group utilized a droplet

microfluidic device to construct compartmentalized microgels that encapsulated both of
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the previously described bacteria and hMSCs within the same structure. The microgels
served as extracellular matrices to study osteogenesis upon addition of extracellular
nisin.'? This versatile encapsulation platform enables strategies to study drug production
and symbiotic cellular interactions. An approach that utilized the proliferation of living
microorganisms to build oscillatory platforms for controlled release of model proteins
has been investigated.*6® This strategy utilized pH-responsive chitosan capsules
containing genetically engineered E. coli built with a genetic circuit that causes
oscillations in cell density over time (Figure 1-5C). By introducing nutrients as external
cues, bacteria were capable of proliferating and undergoing partial lysis by expressing
toxins upon reaching sufficiently high cell densities within the capsule. Accumulation of
toxins caused cell lysis and a decrease in cell density, but partial decrease allowed
growth recovery and, therefore, the generation of growth oscillations for multiple cycles.
Cell proliferation and subsequent lysis led to a change in pH of the surrounding media
and, eventually, the shrinkage of the chitosan capsules to squeeze out bacterial lysis
protein products. Swelling was observed by controlling the lysis rate after shrinking
when glucose was added, and by replenishing the capsules with fresh media periodically.
The model protein released from the capsules was -lactamase, and its presence in the
surrounding media was detected by adding a substrate to measure enzymatic activity
(Figure 1-5D).1%2 This ELM platform demonstrates the active feedback control that can
be mediated by the interactions between engineered cells and stimuli-responsive
materials to create drug delivery platforms. Genetically-engineered E. coli with cell

surface-displayed adhesin proteins and triggered drug secretion enable multifunctional
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ELMs. The bacteria were able to be retained in dextran-based hydrogels by displaying a
calcium-dependent, glucose-binding adhesin. The adhesin protein (MpA), derived from
Antarctic bacterium Marinomonas primoryensis binding proteins, was expressed on the
surface of the cells. When the chemical IPTG was present, the protein could bind
glucose with high affinity. Additionally, to create a stimuli-responsive ELM, cells were
also transformed to express and secrete bacteriocin lysostaphin. This molecule was
secreted to target and inhibit the growth of pathogenic bacteria, Staphylococcus aureus,
when the ELM was exposed to the monosaccharide arabinose (Figure 1-5E). The results
showed that upon exposure to arabinose, the device was activated for the in situ
secretion of lysostaphin, which diffuses out of the cells and inhibits the growth of
methicillin-resistant S. aureus.'%* The bactericidal activity was tested when the hydrogels
were placed on agar plates streaked with S. aureus, in the absence or presence of IPTG
and/or arabinose. Bactericidal activity against S. aureus was induced by adding
arabinose and observed by the development of inhibition zones around the periphery of
the ELMs (Figure 1-5F).1%* This work demonstrates the application of an engineered
living material with specific responses to biomolecules for drug secretion and enables
the design of devices for therapeutic applications. Further work could be focused on the
implementation of 3D printing to build structures that allow higher cell biomass

retention and that improve the efficient secretion of drugs.
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Figure 1-5: Stimuli-responsive ELMs for drug delivery applications. (A) Schematic
of a light-responsive ELM. Bacteria was engineered with a pDawn-dVio plasmid to
enable the production of the drug deoxyviolacein upon light illumination (left). Bacterial
cells cultured on agar, liquid media or encapsulated in agarose hydrogels were capable
of producing the drug and a change in color in response to light (right). (B) Patterned
light exposure allowed the production of drug locally and was detected by
epifluorescence microscopy. Adapted with permission from [63]. Copyright (2018)
Wiley-VCH. (C) Schematic representation of beads encapsulating bacteria that shrink in
response to cell growth and swell in a reversible manner to enable an oscillatory
behavior. Bacteria undergo lysis at sufficiently high cell densities and then release model
molecules to the surroundings. (D) Oscillatory behavior can be turned off by adding
glucose to the media. Capsules shrink in response to cell growth. Capsules that shrink
lead to an increase in fluorescence intensity as compared to capsules that do not shrink.
Adapted with permission from [163]. Copyright (2019) Nature Publishing Group. (E)
Schematic of the ELM encapsulating engineered bacteria that produce and secrete
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an antimicrobial enzyme against methicillin-resistant S. aureus. (F) Antimicrobial
activity of ELMs placed on Mueller—Hinton agar plates streaked with methicillin-
resistant S. aureus. Adhesin and lysostaphin functionalities by cultivating ELMs in the
absence or presence of IPTG and/or arabinose. Adapted with permission from [164].
Copyright (2020) American Chemical Society.
1.4.1.2.1. Ongoing challenges and future directions

Stimuli-responsive ELMs could facilitate long-term delivery of therapeutics that
may be impossible to obtain with traditional or purely synthetic stimuli-responsive
materials. The key advantages of using ELMs are that a variety of stimuli can initiate
drug delivery and that the drug could be synthesized within the ELM. As described in
this section, production of model drugs and therapeutics from ELMs usually involves the
use of engineered microorganisms. In these studies, cells are modified to express
heterologous genes that encode a molecule of interest only when an exogenous stimulus
is applied. This enables the targeted delivery of therapeutics only when and where
required. Nevertheless, the release of some drugs to the surroundings using ELMs is a
key challenge. Some drugs that are synthesized within the cells require exportation
through the cell membrane and must diffuse out of the ELM. Exportation is often limited
to small molecules that may be able to cross the microbial cell membrane freely.
However, for larger molecules this exportation usually requires the engineering of cells
with appropriate secretion systems. These systems can have limited capacity and become
saturated, leading to drug retention. Alternative strategies involve cells programmed to
lyse to release their cargo. In addition, when building stimuli-responsive ELMs, the

encapsulating matrices could be designed to further modulate diffusion of therapeutics

out of the material. Another key advantage of these materials is their use as gut
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therapeutics. ELMs could be used to detect relevant biomarkers found in the
gastrointestinal tract and control targeted drug delivery. As described previously, ELMs
have been reported to sense disease related gut biomarkers, but the integration of a
therapeutic approach in this area remains to be studied. We expect that drug delivery
from ELMs may be most compelling when the properties of both the living cell and the
synthetic material are used to control the release profile.
1.4.1.3. Soft robotics

Engineered living materials with the ability to sense their environment and
respond mechanically are of great interest for the fabrication of soft biohybrid robots.
Soft robots are capable of performing functions for healthcare applications, benefiting
from their ability to adapt, undergo complex motions, and increase compatibility with
the mechanics of the body.65166 Soft robots that are made of stimuli-responsive soft
materials, including electroactive polymers,'%” pneumatic elastomers,*%® shape memory
polymers, 162170 [iquid crystal elastomers,'"%172 or hydrogels'’>'7* may enable untethered
systems with sensing and shape-changing abilities. Each of these materials requires
strong, external power sources to change shape, and the delivery of this power, such as
by heating the material, may be incompatible with the environment surrounding the
robot.1’>176 |n this context, engineered living cells enable soft robots that are, at least
partially, chemically powered by the metabolism of the cells. So far, we have described
on ELMs mainly composed of microorganisms, which provide exceptional control
mechanisms for creating stimuli-responsive ELMs with the advances of synthetic

biology tools. Mammalian cells offer unique capabilities, including coordinated and
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synchronized actuation for the design of soft robots. The pioneering work that placed the
foundation for building soft biohybrid robots utilized rat ventricular cardiomyocytes
seeded on polydimethylsiloxane (PDMS) to create muscular thin films. Upon exposure
to electrical stimuli, cells underwent synchronized contraction and relaxation that caused
the underlying films to transform from 2D to 3D shapes, and perform functions such as
gripping, pumping, walking, and swimming.t’” Building on this work, cardiomyocytes
were used to fabricate jellyfish-like soft robots that achieve complex swimming
behavior.1’8 Other research studies that take advantage of contraction and relaxation
properties of cells utilized a range of muscle cell types, including skeletal muscle
myotubes, smooth muscle cells, stem cell-derived cardiomyocytes, among others,179-182
The ability of cells to respond to chemicals in the environment has also allowed the
fabrication of color-changing biosensors with actuating capabilities powered by
cardiomyocytes.'83184 In one example, neonatal rat ventricular cardiomyocytes have
been cultured and oriented on Morpho menelaus butterfly wings to function as beating
components and cause structural color shifts. Upon addition of isoproterenol,
cardiomyocytes were stimulated to increase beating frequency, which resulted in an
increase in the degree of structural color changes. Studies in this field offer advances for
creating self-reporting platforms to evaluate drug effects on mammalian cells.*®* The
biohybrid methods described so far are able to function at high energy efficiencies and
harvest energy from surrounding nutrient solutions.

Optogenetics enables the realization of soft biohybrid robots with fast and precise

control over multiple muscle units, necessary to power locomotion and achieve
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coordinated robotic maneuvering. Cardiac and skeletal muscle cells have been modified
to express light-gated ion channels, Channelrhodopsin-2, to create blue-light-sensitive
constructs.52185-187 An interesting approach, where cardiac cells were patterned onto a
four-layered architecture, yielded a tissue-engineered artificial stingray with phototactic
control on sequential muscle cell activation for undulatory locomotion (Figure 1-6A).1
The stingray was guided along an obstacle course by modulating the frequency of the
applied light and controlling directional turns (Figure 1-6B). Another biohybrid robot
based on optogenetics utilized skeletal muscle cells to fabricate bioactuators with 2D
directional locomotion and rotational steering in response to both electrical and optical
stimulation.*® Further, the same group optimized the system by developing strategies to
drive healing and remodeling after mechanical damages.'®” These approaches are
promising for creating soft robots, but the maintenance of mammalian cell cultures needs
to be carefully controlled. As a result, these devices are highly unlikely to persist for
long periods of time in various environments.

A strategy that developed a method to actuate a skeletal muscle cell-based
biohybrid robot in air has been described.'® Collagen hydrogel and a system of tubes to
perfuse culture medium were used to encapsulate skeletal muscle tissue and maintain the
necessary humidity conditions for cell viability. Electrical stimulation was applied
through embedded electrodes to induce tissue contractility when the robot was operated
in the air (Figure 1-6C). This stimulation allowed the control of the deformation of the
biohybrid robot and was demonstrated by pushing a bead in air (Figure 1-6D). Although

this system gradually dries out, its contractility function was continuously maintained for
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1 h without any damage to the skeletal muscle tissue.*8 Insect muscle cells have
relatively longer-term viability and can tolerate fluctuating changes in temperature, pH,
or oxygen, and thus, they have been studied to create robust soft robotic actuators.8%1%
In addition, the use of motile microorganisms expands on the use of living cells to create
microrobots that have better stability in a wide range of environmental conditions and
that can be genetically modified to complete complex functions. Microrobots have been
described in soft robotic reviews where motile bacteria, microalgae, and mammalian
cells sense the environment and are manipulated by external stimuli. Their fabrication is
of potential use in applications for specific targeting and delivering of cargo or for
powering 3D micromotors.%:-19 Nevertheless, these types of devices are only
manipulated for their use at the microscale, due to the fixed size of the biological units.
Methods that focus on the sensing and responsive capabilities of microorganisms to
drive actuation in macroscale soft robots, by applying external stimuli, are also of
interest in this review.

Many materials in nature undergo shape transformations in response to
environmental conditions such as humidity. Hygromorphic materials have been studied
to produce actuators that operate by changes in moisture found in the skin or the air.
Studies that use the hygroscopic properties of natural cells, to convert energy from
humidity gradients have made use of bacterial spores as building blocks for the design of
macroscopic actuators.'% Bacterial spores from B. subtilis possess a cortex that is
hygromorphic, have long term survivability, and do not require the addition of a nutrient

source to maintain its hygromorphic behavior.1% These spores have been applied in the
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fabrication of stimuli-responsive ELMs as they can reversibly expand or shrink to
changes in relative humidity. For example, in one study 3 mg of these spores were
coated on 0.5 mm or 0.75 mm thick latex sheets treated with poly-L-lysine to improve
adhesion.’®* After fabrication, the ELMs have an initial curvature at a relative humidity
of 15-20% from laboratory conditions. This curvature starts decreasing when the ELM is
subjected to increasing relative humidity. The ELMs have a fast, reversible response
because the spores respond mechanically within ~0.4 s after exposure in humid
conditions and within ~0.5 s of water release. Because of these unique responses, ELMs
were applied to harvest energy, and it was observed that the spores delivered an average
power of 0.7 uW with an estimate of ~233 mW/kg for electrical power.1% These
materials were further studied to create ELMs that undergo complex transformations.
Bioprinting techniques were used to spatially localize B. subtilis spores on flat
substrates.'® These materials were capable of undergoing complex 3D folding in
response to relative changes in humidity. Another report utilized the same bacterial
spores to build structures using photolithography and UV-curable resins.®® Spores were
mixed within the resin and then UV-cured on top of a polyimide substrate to build the
devices. Further, the polyimide substrates were laser cut and patterned with the
spore/UV-resin solution through photolithographic masks. This design allowed ELM
actuators to undergo complex changes in shape under relative humidity conditions.
These materials presented work and power intensities at a maximum of 0.44 MJ/m? and
54 kW/m3, respectively.t® These hygromorphic ELMs could be used in future

applications for energy harvesting and soft robotics.
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Yeast proliferation within polymer materials has been harnessed to drive
mechanical actuation in macroscopic structures. Baker's yeast, S. cerevisiae,
encapsulated in polyacrylamide hydrogels, were capable of proliferating within the
matrix when essential nutrients were provided (Figure 1-6E).1% Cell proliferation led to
the material expanding its volume up to 200% more than when nutrients were absent
(Figure 1-6F). Genetic engineering of the yeast enabled high control of shape-change by
using specific biogenic amines, such as L-histidine, that triggered cell proliferation
within the composite. The engineered yeast could sense external stimuli and respond by
irreversible expanding the polymeric matrix. By patterning cell viability, complex
structures such as helical geometries could be obtained (Figure 1-6G). Optogenetic
switches were also engineered in the yeast and enabled the spatiotemporal control of
ELM actuation when the materials were exposed to a light intensity of 2.7 mW
cm~2.1%7 We note that this approach utilized visible light at a weak irradiation intensity to
induce shape change in the ELM. Many strategies in traditional stimuli-responsive
materials, built to change shape, require UV or visible light at strong irradiation
intensities of 100 mW cm™2 or higher.1%1% High intensities may cause overheating and
undesired health effects, such as tissue damage when ELMs are used for biomedical
applications. However, it is important to note that parameters such as irradiation time
and wavelength of light need to be considered when making this comparison.?®

A method that developed a soft robotic gripper utilized an interfacial module that
allowed the communication between living bacteria, the external environment, and

electronics embedded in soft materials.2°* The interface module allowed the
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biocontainment of engineered bacteria to detect environmental signals that then where
converted into cellular and to electronic signals. The soft robotic gripper consisted of E.
coli carrying the plasmid pIV_GFP to allow the synthesis of GFP in the presence of
chemical inducer IPTG. Cells were cultured, retained by membranes, and housed within
a PDMS chamber to create a biolayer. Then, a flexible printed circuit board (FlexPCB)
and pneu-nets were combined with the biolayer and mounted to a 4-DOF robotic arm
(Figure 1-6H). This device was designed to produce a fluorescent signal in response to
IPTG, allowing the electronic components to detect the signal and distribute it to a
central processing unit to initiate robotic decision making and actuation. To initiate the
process, the device was incubated in the absence or presence of IPTG and allowed to
measure and store the data of the cell fluorescent output. After incubation, the gripper
‘decides’ whether or not to deploy a round object into the media. When the device
detects the presence of IPTG, it alerts the system and does not deploy the object. In the
absence of IPTG, the system then decides that it is safe to grab and deploy the object
(Figure 1-61).2%* This approach demonstrates the possibility of combining genetically
engineered living microorganisms, electronics, and soft materials to create a responsive,
actuating device that communicates with the external environment and excels at a

decision-making process.
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Figure 1-6: Soft biohybrid robots actuated by external stimulation. (A) Soft robotic
ray composed of genetically engineered cardiomyocytes in an elastomeric body. The
robot was controlled by optical stimulation to induce sequential muscle cell activation
and locomotion. (B) Asynchronously triggering modulated by light frequency with
1.0/1.5 Hz paired pulses resulted in directional turns. Adapted with permission
from [185]. Copyright (2016) American Association for the Advancement of Science.
(C) Biohybrid robot composed of skeletal muscle tissue encapsulated in collagen
structure. Upon applied electrical stimulation, the biohybrid robot actuates in air. (D)
Motion control was demonstrated by pushing a bead through deformation of the collagen
structure from muscle contractions (scale bar: 1 cm). Adapted with the permission
from [188]. Copyright Yuya Morimoto, Hiroaki Onoe, Shoji Takeuchi, APL Bioeng.,
2020, 4, DOI: http://10.1063/1.5127204; licensed under a Creative Commaons Attribution
(CC BY) license. (E) Schematic representation of a shape-morphing living composite
that changes in volume in response to yeast proliferation. (F) Living composite before
and after incubation shows an increase in volume (scale bar: 7 mm). (G) UV-patterned
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an antimicrobial enzyme against methicillin-resistant S. aureus. (F) Antimicrobial
activity of ELMs placed on Mueller—Hinton agar plates streaked with methicillin-
resistant S. aureus. Adhesin and lysostaphin functionalities by cultivating ELMs in the
absence or presence of IPTG and/or arabinose. Adapted with permission from [164].
Copyright (2020) American Chemical Society.
1.4.1.3.1. Ongoing challenges and future directions

Within this section, we described using the mechanical nature of living cells that
respond to an external stimulus to drive ELM mechanical deformation. The key
advantages of using living cells to control or drive mechanical motion include that the
device is chemically powered and can respond to weak and poorly-differentiated stimuli.
However, further work is required in a number of areas regarding ELM-based soft
robots. Durability is one key challenge. At one end of the spectrum, hygromorphic
bacterial spores in fabrics use only the biophysical characteristics of the spores and do
not involve processes at the cellular level. This limits the number of stimuli that can be
used, but the ELMs should be quite durable. By contrast, in studies involving the use of
mammalian muscle cells, the cellular environment, from fabrication through use, needs
to be carefully controlled to ensure functionality of the device. The speed of response is
another key challenge. Muscle-based or hygromorphic spore-based ELMs can respond
on the order of seconds. Actuators based on cellular proliferation are slow which limits
their use to applications that do not require rapid or reversible motion. We expect that
living cells will continue to be used to control traditional actuators and to serve directly
as actuators in applications where chemical powering of the robot is critical, such as in

small, untethered, and implanted robots, and in applications where autonomous response

to biochemical or weak physical cues is desired.
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1.5. Objectives of the dissertation

The objectives of this dissertation are to understand the fundamental mechanisms
needed to create an engineered living material platform capable of sensing highly
specific and predetermined cues and responding by undergoing mechanical deformation.
This dissertation elucidates the fundamental relationship between cell proliferation of
microorganisms and mechanical shape changes of biomaterial matrices used to design
ELMs. A series of studies, where the combination of genetic engineering, materials
science, and fabrication techniques is presented to enable a new strategy for creating
shape changing ELMs that could potentially be used in building biosensing or drug
delivery devices for biomedical applications. The combination of these fields represents

a significant advancement in the use of ELMs as active soft matter.
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2. SHAPE-MORPHING LIVING COMPOSITES"

2.1. Abstract

This work establishes a means to exploit genetic networks to create living
synthetic composites that change shape in response to specific biochemical or physical
stimuli. Baker’s yeast embedded in a hydrogel forms a responsive material where
cellular proliferation leads to a controllable increase in the composite volume of up to
400%. Genetic manipulation of the yeast enables composites where volume change on
exposure to L-histidine is 14x higher than volume change when exposed to D-histidine
or other amino acids. By encoding an optogenetic switch into the yeast, spatiotemporally
controlled shape change is induced with pulses of dim blue light (2.7 mW/cm?). These
living, shape-changing materials may enable sensors or medical devices that respond to
highly specific cues found within a biological milieu.
2.2. Introduction

Materials that change shape enable mechanical activity in devices, such as smart
garments, sensors, microfluidics, or drug delivery platforms.114202-204 |n these devices,

traditional actuators, like solenoids, are too large, heavy, or power intensive to be used.

* Reprinted with permission from “Shape-Morphing Living Composites” by L.K Rivera-Tarazona, V.D
Bhat, H. Kim, Z.T Campbell, and T.H Ware, 2020. Science Advances, 6, eaax8582. Copyright [2021]
exclusive licensee American Association for the Advancement of Science. Distributed under a Creative

Commons Attribution License 4.0 (CC BY) http://creativecommaons.org/licenses/by/4.0/.
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Shape change in synthetic polymers and gels can be triggered using temperature, electric
fields, or chemicals.2%5-208 The specificity of the response is dictated, and limited, by the
physical characteristics of the material.?®® One approach to induce specificity in the
physical characteristics of a hydrogel is to build polymer networks from
biomacromolecules, such as DNA, allowing the detection of analytes that directly bind
to these constituents.?® Binding of designed DNA sequences can induce 100-fold
volumetric hydrogel expansion by successive extension of cross-links, using a DNA
hybridization cascade. In the design of chemically responsive hydrogels, this mechanism
is limited to detection of analytes capable of highly specific binding motifs. In living
organisms, direct DNA binding is not the typical mechanism by which sensing occurs.
Genetic information in cells encodes components that enable appropriate responses to a
wide range of specific chemical and physical cues.

Composites that combine the tunable properties of synthetic materials and the
responsive nature of living organisms represent a powerful strategy to imbue
multifunctionality in a single material. Several living composites have been previously
reported including self-healing concrete,?'° ethanol-producing three-dimensional (3D)—
printed hydrogels,?'* gels that self-heal using photosynthesis,?'? and wearable fluorescent
biosensors.> However, these living composites lack the ability to respond mechanically
to environmental cues. One example of a mechanically active living composite is a
bilayer of an elastomer and mammalian muscles that bends through contraction and
relaxation of the muscle cells.t’” However, muscle cells only thrive over a very narrow

set of conditions, limiting the range of applications where these materials can be used.
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Notably, shape change in living organisms is not limited to contraction of muscles.
Tissue morphogenesis in animals and plants is controlled, in part, by cellular
proliferation.?*32 However, a strategy that harnesses proliferation of living cells to
control the shape change of synthetic materials has yet to be reported.

Here, we describe hybrid materials where living Saccharomyces cerevisiae (i.e.,
baker’s yeast or brewer’s yeast) embedded within a polyacrylamide hydrogel proliferates
in response to a combination of environmental cues, which induces shape change in the
composite (Figure 2-1A). By controlling cell loading or hydrogel stiffness, we control
the magnitude of volume change in the composites. This shape change is further
controlled by patterning proliferation within a monolith. Critically, yeast provide a
versatile platform for genetic engineering of the conditions required for proliferation.
Using this control, we design composites that respond only in the presence of a single
chirality of a single amino acid or to brief pulses of dim visible light. We harness this
shape change to create microfluidic channels that respond selectively to fluids flowing
through the channel.

2.3. Results and discussion

S. cerevisiae is an ideal model organism to realize responsive, living composites.
These unicellular organisms thrive within solid matrices,?!* are much stiffer (1 to 10
MPa)?*than many hydrogels (10 to 100 kPa)?¢, and are known to survive over a wide
range of conditions.?*” Our key observation is that as these stiff cells proliferate within a
solid hydrogel matrix, a global increase in volume is observed. We hypothesize that this

volume increase is not due to ordinary swelling of a hydrogel, but instead is attributable
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to local displacement of the hydrogel by proliferating cells. After the composite is
exposed to the appropriate conditions for cell growth, a marked increase in cell count
can be observed (Figure 2-1B). To quantify the effect of proliferation on macroscopic
volume change, living composites were polymerized with pre-gel solution [0.9 billion to
1.1 billion cells/ml; 6 weight % (wt %) of dry yeast]. Composites were incubated in
YPD (yeast extract, peptone, D-glucose) medium at 30°C for 48 hours. YPD contains
the necessary nutrients for the yeast, and hence, cell proliferation—-induced shape change
occurs, resulting in a change in area of 124.2 £ 10.3% and a volume change of 200.9 +
2.4% (Figure 2-1C). By incubating composites in medium without a fermentable carbon
source (D-glucose), the area of the disk only increased by 6.3 + 0.4%, as the yeast are
incapable of proliferation (Figure 2-1D and Figure A-1). Similarly, hydrogels without
encapsulated yeast incubated in YPD only undergo a volume change of 1.2 + 0.5%
(Figure A-2). The shape change of the living composites in rich medium is also not
attributable to passive cell size changes; cell viability is required for shape change to
occur. We pattern cell viability, using ultraviolet (UV) light (254 nm) exposed through a
mask, in living composites covalently bound to glass (Figure 2-1E). Only the regions of
the hydrogel not exposed to UV, the letters “ALIVE,” contain viable cells and undergo a
volume increase on exposure to YPD. This expansion is greater than 110% of the initial
film thickness after 36 hours (Figure 2-1F and Figure A-3). Shape change is
accompanied by a change in topography, from smooth to rough, as the growing colonies

deform the surface in a heterogeneous manner at the submillimeter scale. The described

47



experiments show that yeast proliferation is the primary mechanism associated with

volume change in these hybrid living materials.

Polyacrylamide S. cerevisiae cells

Area change (%)

0 10 20 30 40 50
Time (h)

254-nm UV light

IR

ALIVE

Living
composite

Figure 2-1: Controlled expansion of polyacrylamide gels by proliferation of yeast.
(A) Schematic of shape change in living composites. In YPD, yeast proliferate and
cause expansion in the polymer matrix. (B) Optical micrographs of a living composite
before and after growth in medium. Scale bar, 30 um. (C) Macroscopic expansion of a
living composite gel with 6 wt % yeast. Scale bar, 7 mm. (D) Area change over time
of a sample with 6 wt % yeast in the presence of medium with and without glucose.
(E) Photopatterning process of a living composite. (F) Fluorescence images of a living
composite after UV patterning (top) and after incubation in YPD (bottom). Scale bar,
10 mm. Topography of an initially flat living composite after exposure to YPD (right).
Scale bar, 5 mm. Each data point represents the mean (n = 3), and error bars represent
SD. Trend lines are only intended to guide the eye. Reprinted with permission

from [197]. Copyright (2020) exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution License
4.0 (CC BY).
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Proliferation-driven shape change can be tuned by controlling the initial
composition of the living composite (Figures 2-2A, B). On varying the initial
concentration of yeast from 1 to 18 wt %, the volume change after 48 hours increases
from 123.8 + 3.9% to 337.2 £ 17.4%. This volume change is accompanied by a
concomitant increase in dry mass, which varies from 177 + 11% to 320 + 35% (Figure 2-
2A). While we observe that some cells escape from the composite and proliferate in the
medium, this increase in dry mass suggests that most of the cells are retained in the
hydrogel matrix. We also note that the shape of the grown composites is largely stable
for over 128 days in deionized water at room temperature (Figure A-4). The increase in
dry mass and shape stability further supports our hypothesis that CO2 production or
passive swelling from the hydrogel matrix is not the mechanism responsible for shape
change. This mass change represents material that can be produced on demand with only
as much external intervention or equipment as is needed to ferment grape juice. In the
case of materials with 18 wt % yeast, the solid components of the as-synthesized
composites are 35.9% polymer and 64.1% yeast. After growth, the yeast content
increases to 85.6%. These growing composites may provide opportunities to produce
materials directly from renewable feedstocks or even waste streams.?!®

The mechanical properties of the hydrogel matrix also control the proliferation-
induced shape change. By altering the feed ratio of cross-linker from 0.05 to 0.6% (w/v),
at constant yeast loading (6 wt % dry yeast) and acrylamide concentration [10% (w/v)],

the Young’s modulus of the composites after synthesis increases from 8 + 1 kPa to 204 +
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16 kPa. As stiffness increases, the volume change during cell proliferation decreases
from 255.8 + 7.3% to 107.9 + 1.2% (Figure 2-2B and Figure A-5). We attribute this
decrease to increased elastic resistance to the expanding colonies, perhaps resulting in
limited cell proliferation. Given the tradeoffs between composite stiffness, yeast loading,
and volume change, we selected composites with 0.1% (w/v) cross-linker and 6 wt %
yeast for further studies, as these composites have relatively high initial elastic modulus
and large stimulus response (Figure A-6).

Spatial control of volume change can be programmed to yield composites that
morph controllably from 2D to 3D. Informed by previous work where spatially
controlled swelling is used to guide shape selection in hydrogels,?1®-2%2 we fabricated
composite disks (12 mm in diameter and 0.5 mm in thickness) and used UV light (254
nm) to Kill cells in programmed areas (insets of Figures 2-2C, D). After irradiation, no
shape change is observed when the hydrogel is equilibrated in water, indicating that the
passive swelling of the gel is not substantially altered. After incubation in YPD, spatially
controlled proliferation induces a 2D to 3D transformation. The flat disk shown
in Figure 2-2C grows in area in the center of the disk while being constrained around the
perimeter, resulting in a hemispherical cap (+ Gaussian curvature). By contrast, the disk
depicted in Figure 2-2D grows along the perimeter while being constrained in the center,

resulting in a saddle-like geometry (— Gaussian curvature).
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Figure 2-2: Shape change of living composites can be controlled. (A) Volume and
mass change of living composites as a function of yeast content. (B) Compressive
modulus and volume change as a function of cross-linker content. (C) Flat disk exposed
to spatially patterned UV light (left) in a 3-mm-wide ring pattern (inset). After
incubation in medium, a hat-like structure with positive Gaussian curvature is observed
(center, right). Scale bar, 5 mm. (D) Flat disk exposed to spatially patterned UV light
(left) in a 6-mm inner circle (inset). Upon incubation in medium, a saddle-like structure
with negative Gaussian curvature is observed (center, right). Scale bar, 5 mm. Each data
point represents the mean (n = 3), and error bars represent SD. Trend lines are only
intended to guide the eye. Reprinted with permission from [197]. Copyright (2020)
exclusive licensee American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY).
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Programming of the stimulus that induces shape change of living composites can
be achieved by genetic manipulation of the yeast. S. cerevisiae is a model eukaryote
commonly used for heterologous protein expression.??42%6 The yeast strain we use (L40)
is deficient in L-histidine metabolism. This metabolic feature, termed auxotrophy,
prevents proliferation in the absence of L-histidine in the growth environment (Figure 2-
3A). This strain was used to fabricate composites that morph into 3D helical shapes only
in the presence of L-histidine. Rectangular free-standing films were patterned with UV
light to cause cell death in the areas indicated in Figure 2-3B. Incubation for 48 hours in
selective medium lacking L-histidine did not affect the shape of the composite. When
these composites were incubated in medium containing L-histidine, the flat films morph
into a helix (Figure 2-3C). Over 48 hours in medium lacking L-histidine, disks of these
composites only increase in volume by 20.7 £ 6.1%, despite the other 20 amino acids, D-
glucose, and nitrogen base present in the medium. The same composites were then
incubated for another 48 hours in otherwise identical medium containing L-histidine,
resulting in a volume change of 278.3 + 12.9% (Figure 2-3D and Figure A-7). Critically,
these composites remain dormant during periods of unfavorable conditions and then
respond when conditions match those programmed by the genetics of the yeast. The
ability to withstand unfavorable conditions stands in stark contrast to the fragile nature
of cells from multicellular organisms. To further demonstrate the biochemical specificity
of these composites, volume change of living composites was measured for samples
incubated in medium containing L-histidine and compared to the volume change of

samples grown in medium with D-histidine and without any histidine. Much like the
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composites exposed to medium lacking L-histidine, the inclusion of D-histidine into the
medium did not lead to substantial volume change at the end of an incubation period of
72 hours, as D-histidine is not naturally incorporated into proteins (Figure 2-3E and
Figure A-7). Previously, hydrogels that swell by recognition of a single enantiomer of a
chiral molecule have been achieved through molecular imprinting; however, the volume
change in these materials is often less than 20%.2%” Notably, the reported living
composite exhibits a volumetric change up to 20x larger than the volume change
observed in imprinted hydrogels.

Microfluidic devices fabricated with living composites respond with specificity
to the fluid flowing through the channels. We fabricated responsive microfluidics by
using replica molding to form channels within a living composite. All cells were
rendered inviable with UV light except for the cells within two of the microfluidic
channels (Figure 2-3F). Flow of a fluorescent fluid is then used to visualize the
performance of these devices. Before flowing medium containing L-histidine, the
channels are all open, and the intensity of the fluorescence is similar across the device
(Figure 2-3G). After flowing medium with L-histidine through the inlet, the two
microchannels with viable cells grow in volume, resulting in the channels becoming
blocked, while the other channels remained open. By contrast, similar devices exposed
to otherwise identical medium lacking L-histidine have all channels open (Figure A-8).
These smart microfluidic devices could enable strategies for biosensors that directly
manipulate the flow of fluid without external intervention, traditional sensors, or

actuators. While materials that respond to biochemical cues are ideal for devices that
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change autonomously with their environment, diffusion limits the ability of these cues to

generate on-demand shape change with control in space and time.
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Figure 2-3: Genetic engineering enables controlled composite response to
specific cues. (A)Deletion of the HIS3 gene results in failure to proliferate in
medium lacking histidine. (B) Schematic of a UV-patterned living composite with
growth triggered by the amino acid L-histidine. (C) UV-patterned living composites
with auxotrophic yeast do not substantially change in shape in medium lacking L-
histidine. Shape change into a helical structure after incubation in medium
containing L-histidine. Scale bar, 10 mm. (D) Volume change over time for
auxotrophic living composites before and after L-histidine exposure.
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(E) Volume change over time for auxotrophic living composites incubated in
medium lacking histidine, with D-histidine, or with L-histidine. (F) Schematic of a
living microfluidic device where the composites forming the channels indicated in
green contain living auxotrophic yeast. (G) Fluorescence image of fluid traversing
the microfluidic device before exposure to medium (top left). Scale bar, 10 mm.
Fluorescence image of fluid traversing the microfluidic device after medium
containing L-histidine flows for 48 hours through the channels. Topography of a
living channel before and after (color scale, 0 to 0.3 mm) growth (bottom). Scale bar,
1 mm. Each data point represents the mean (n = 3), and error bars represent SD.
Trend lines are only intended to guide the eye. Reprinted with permission

from [197]. Copyright (2020) exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution License
4.0 (CC BY).

Optogenetic switches can be engineered into yeast to enable photoresponsive
composites, where shape change can be spatiotemporally controlled. We generated a
yeast strain to express a photoresponsive transcriptional switch that induces gene
expression after illumination with blue light (455 nm). This strain has two Arabidopsis
thaliana proteins in a yeast two-hybrid system.??® Blue light stimulation induces binding
of CRY?2 fused to the LexA DNA binding domain and CIB1 Gal4 activation domain
chimera. In the presence of light, the HIS3 gene is activated, enabling cellular
proliferation in the absence of L-histidine (Figure 2-4A). We also generated two
additional strains: a positive control that does not require light for activation of HIS3%2°
and a negative control that lacks the CIB1 protein and is auxotrophic for L-histidine with
or without blue light. The metabolic activity of the experimental strain is more than 100x
higher when exposed to light than when kept in the dark, as measured by a -
galactosidase assay, which probes lacZ, a reporter gene, activity (Figure 2-4B and Figure

A-9). In the negative control strain, the metabolic activity is low in blue light and in the

dark, while the positive control presented high metabolic activity in both conditions.
55



Optogenetic control of histidine auxotrophy enables photocontrolled cellular
proliferation and therefore shape change in living composites. We fabricated composites
from each of the three different strains described above and exposed each composite to
brief, dim pulses of blue light (2.7 mW/cm?, 2 s on, 2 min off) or darkness (Figure 2-
4C). Over 72 hours, living composites made with the experimental strain undergo a
volume change of 315.9 + 2.1% when exposed to light and a volume change of 86.2 +
5.7% when kept in the dark (Figures 2-4D, E). By comparison, the positive control
composites undergo a volume change of more than 260% in both light and dark, and
negative control composites grow only 103.1 + 20.1% in the light and 10.2 £ 5.3% in the
dark (Figure 2-4E and Figure A-9). We note that traditional photoresponsive polymers,
which use light to power shape change, typically require irradiation intensities of more
than 100 mW/cm?.1%8.230 By comparison, these living composites rely on light to trigger
an optogenetic switch that has been optimized by evolution. The activation of this switch
subsequently enables a metabolically powered change in volume. As a result of this
pathway, the time-averaged intensity required is at least 2250x% smaller than traditional
photoresponsive polymers.

The combination of patterned cell viability and patterned light illumination can
be used to provide spatiotemporal control of complex shape change in living composites
composed of transformed yeast with the optogenetic switch. The cell viability within a
film of the living composite was patterned using UV light to leave only two circular
regions on the film with viable cells (Figure A-10). As shown in Figure 2-2C,

proliferation should lead to the formation of a hemispherical cap. By exposing these two
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regions sequentially. Each region sequentially actuates from flat to hemispherical

(Figure 2-4F).
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Figure 2-4: Genetic engineering enables optogenetic control of shape change. (A)
Schematic of a light sensitive yeast two-hybrid. Blue light induces expression

of HIS3 and lacZ reporters by inducing conformational changes in CRY?2 to favor
interaction with CIB1. Reporter genes are transcribed by recruitment of the Gal4
activation domain (AD). (B) B-Galactosidase assays of an auxotrophic strain lacking
CIB1 (negative control), a strain not auxotrophic for L-histidine in the dark (positive
control), and the auxotrophic strain depicted in (A) (experimental). (C) Schematic of a
living composite irradiated with blue light in growth medium lacking L-histidine. (D)
Volume change of living composites with experimental yeast irradiated with blue light
or kept in the dark. Scale bar, 5 mm. (E) Volume change of living composites with each
yeast strain when exposed to blue light or kept in the dark. (F) Patterned photoresponsive
living composite with the experimental yeast strain in medium lacking L-histidine where
blue light is first targeted on the left side and then the right side. Scale bar, 10 mm. Each
data point represents the mean (n = 3), and error bars represent SD. Reprinted with
permission from [197]. Copyright (2020) exclusive licensee American Association for
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the Advancement of Science. Distributed under a Creative Commons Attribution
License 4.0 (CC BY).

Living composites undergo cell proliferation—induced shape change controlled
by the initial composition of the composite or by patterning regions of viable cells.
These materials capitalize genetic control of biological mechanisms, namely, cellular
proliferation, to enable responsiveness in topography or shape in response to specific
cues. A host of devices from drug delivery platforms to environmental sensors could be
enabled by these findings.

2.4. Materials and methods
2.4.1. Materials

Acrylamide, N,N’-methylenebisacrylamide (MBAA), ammonium persulfate
(APS), N,N,N’,N'-tetramethylethylenediamine (TEMED), 3-amino-1,2,4-triazole (3-
AT), L-histidine, adenine sulfate, sulforhodamine B, bisphenol A ethoxylate diacrylate
(BPA) (512 g/mol), and poly(ethylene glycol) diacrylate (PEG-DA) (700 g/mol) were
purchased from Sigma-Aldrich. The photoinitiator Irgacure 369 (1-369) was donated by
BASF Corporation. Methacryloxyethyl thiocarbonyl rhodamine B (PolyFluor 570) was
purchased from Polysciences. Commercial yeast (S. cerevisiae, active dry yeast,
Fleischmann’s) was purchased from Tom Thumb (Richardson, TX). Yeast extract, yeast
nitrogen base without amino acids, peptone, D-(+)-glucose, D-histidine, and trypan blue
were purchased from Fisher Scientific. TPM [3-(trimethoxysilyl) propyl methacrylate]
was purchased from Acros Organics. Rain-X was purchased from Wal-Mart

(Richardson, TX). All chemicals were used as received without further purification.
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2.4.2. Genetically engineered yeast strains and plasmids

The genotype of the L40 yeast strain is MATa ade2 his3 leu2 trpl LYS::lexA-
HIS3 URA3::lexA-LacZ (American Type Culture Collection, MY A-3332).2% 40 yeast
were transformed with experimental constructs CRY2 LexA DNA binding fusion in the
expression vector pDBTrp (pDBTrp-LexABD-CRY2FL) (plasmid no. 78210, Addgene)
and a separate CIB1 Gal4 activation domain fusion vector pGADT7 (pGal4AD-CIB1)
(plasmid no. 28245, Addgene). pDBTrp-LexABD-CRY 2FL, along with the pGADT7
empty vector, was used as negative control. In the positive control, we made use of a
previously described interaction between Caenorhabditis elegans FBF2 (residues 121 to
C terminus fused to the Gal4 activation domain present in pGADT7) and CPB1 (residues
1 to 80 fused to the LexA DNA binding domain encoded by pBTM116).22%:232
2.4.3. Mold construction

For volume change and mechanical testing experiments, molds were made of two
glass slides (75 mm by 51 mm) previously cleaned with Rain-X to avoid gel adhesion.
Slides were separated with 1-mm or 500-um rectangular spacers, wrapped with parafilm
closing one of the open sides, and fixed using binder clips.

For living composite coatings, molds (75 mm by 25 mm) with one glass slide
cleaned with Rain-X and one treated with a methacrylate-functionalized silane were
assembled. The two glass slides were separated with two 250-um polystyrene spacers on
each side and fixed with binder clips. For the silane treatment, glass slides were cleaned

following a similar process described in the literature (37).2% Briefly, glass slides were
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sonicated for 5 min in acetone and isopropanol mixtures and rinsed three times in dH20.
Afterward, substrates were sonicated for 30 min in a mixture of water and Alconox
cleaner (Alconox Inc., USA), rinsed, and stored in dH20 overnight. For silanization,
glass slides were modified for 30 min with a 5% (v/v) mixture of TPM in toluene at
65°C. Then, the slides were rinsed with toluene, dried with N2 gas, and baked on a hot
plate at 120°C for 5 min.
2.4.4. Determination of cell density

To determine cell concentrations in active dried yeast, cell density was measured
with a UV/visible spectrophotometer by observing the optical density at 660 nm. Briefly,
50 ml of mixture with 0.6 g of yeast in dH20 was prepared. Then, a 1:10 dilution was
made by mixing 0.1 ml of the mixture with 0.9 ml of dH20. Diluted samples were
pipetted into a 1-ml cuvette for spectrophotometer measurements. Optical densities
between 1 and 1.1 were measured, which correspond to numbers of cells of 1.89 x
107 and 2.25 x 107 cells, respectively. These results indicate that the active dried yeast
contained between 15 billion and 18 billion cells/g.
2.4.5. Preparation of living composite materials with active dried yeast

Polyacrylamide hydrogels with embedded yeast were prepared at room
temperature by free radical polymerization of acrylamide monomer and MBAA cross-
linker. Stock solutions of acrylamide (0.4 g/ml) and MBAA (0.02 g/ml) were prepared in
dH20 to create polyacrylamide gel precursor solutions. All pre-gel solutions were
prepared with a final concentration of 10% (w/v) acrylamide. Pre-gel solutions were

prepared with a final concentration of 0.1% (w/v) MBAA and pre-gel solution (~1
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billion cells/ml), unless otherwise noted. To polymerize these solutions, a 10% (w/v)
APS stock solution was added at 1% of the total solution volume, and TEMED was
added at a ratio of 0.1% of total solution volume. Polymerizing solutions were then
vortexed for 3 s and quickly pipetted into molds. Filled molds were flipped every 45 s,
while polymerization occurred to avoid yeast settling. After 10 min, polymerized living
composites were demolded and rinsed three times with dH20 to remove unpolymerized
acrylamide residues. Living composites were stored in dH20 for 24 hours before
mechanical testing and volume change experiments. For mechanical testing and volume
change experiments, pre-gel solutions were prepared with 0.05, 0.1, 0.3, and 0.6% (w/v)
MBAA and 6% (w/v) yeast [pre-gel solution (~1 billion cells/ml)]. To test volume
change and Young’s modulus with varying yeast content, composites with final
concentrations of 0, 1, 6, 12, and 18 wt % yeast were prepared.
2.4.6. Area, volume, and mass change quantification of living composites
embedding active dried yeast

Living composites embedded with commercial active dried yeast were cut into
10-mm-diameter disks. The dimensions of each disk were measured before incubation.
Samples with varying dry yeast and cross-linker concentration were incubated at 30°C in
YPD-rich medium without agitation (1% yeast extract, 2% peptone, and 2% D-glucose).
To measure area and volume changes, three samples for each composition were
incubated in 7 ml of rich medium that was changed every 6 hours. Area change was

measured every hour for 48 hours using a Mighty Scope 5M digital microscope, and
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volume changes were measured every 24 hours for 48 hours using a Canon Rebel T5i
camera.

Dry mass change was obtained by weighing samples with varying yeast content
before and after cell proliferation. Briefly, one set of living composites that was not
exposed to medium was dried at 30°C under vacuum to allow water evaporation. An
identical set of living composites was incubated in YPD medium for 48 hours with
medium change every 6 hours and then dried under the same conditions. Upon drying,
samples were weighed and mass was measured. Data presented are an average of three
samples per composition.

2.4.7. Material characterization

Samples (3 mm by 3 mm by 1 mm) were cut from polymerized living composites
with varying yeast and cross-linker content after equilibration in dH20. Compression
testing was performed using a MicroSquisher (CellScale Biomaterials Testing). Briefly,
a tungsten beam with a diameter of 1.016 mm was glued to a 6 mm-by—6 mm platen on
one end. This compliant beam was attached to an actuator with a cantilever beam grip at
the opposite end from the platen. Samples were loaded to the test chamber filled with
dH20 at room temperature. The beam was brought into contact with the sample and then
moved at a rate of 0.5 mm/min. Force as a function of displacement was measured along
the height (1-mm dimension) of the samples and calculated by the MicroSquisher
software using the beam’s stiffness, displacement, and length. Strains from 1 to 10%
were used to calculate Young’s modulus, as the stress-strain response in this region was

linear.
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2.4.8. Optical images of living composites

Microscopic imaging was carried out using an Olympus FV3000RS confocal
laser scanning microscope. To visualize embedded yeast cell budding, living composites
with 10% (w/v) acrylamide and 0.1% (w/v) MBAA were synthesized, mixing
approximately 1 x 108 cells/ml of the pre-gel solution. Before polymerization, a 0.05%
(w/v) aqueous solution of PolyFluor 570 was added at 1% of the total pre-gel solution
volume. Cells, after incubation for 48 hours in YPD medium, were further stained by
submerging samples in a 0.05% (w/v) aqueous solution of trypan blue for 3 min and then
washed two times in dH20. Budding of embedded cells and colonies were observed
throughout the thickness and area of the imaged samples (n = 3).
2.4.9. Macroscopic fluorescence images

For fluorescence imaging, living composites were dyed with a 0.05% (w/v)
solution of sulforhodamine B in water. By shining light at a wavelength of 455 nm,
fluorescent images of the UV-patterned coatings and free-standing structures were
obtained using a DSLR camera (Canon Rebel T5i) fitted with a red filter (Hoya HMC
R25A). This filter blocks light below 600 nm, thus allowing visualization of the emitted
light.
2.4.10. UV photopatterning of composites with active dried yeast

Living composites covalently bound to methacrylate-functionalized glass molds

with a thickness of 500 pum were prepared as described above. Composites were allowed
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to equilibrate in water before UV exposure. A shadow mask of the word ALIVE was
designed in AutoCAD and laser cut from black polymer sheets. Irradiation with 254-nm
UV light with an intensity of 2 mW/cm? was performed from one side for 35 min using
an UVP UVLink 1000 cross-linker chamber. Samples were placed on a dark background
during irradiation.

For UV patterning of free-standing composites, 12-mm-diameter disks were cut
from 500-um-thick films and patterned to induce cell death in a 6-mm-diameter inner
circle or a 3-mm-wide ring pattern using aluminum foil as a mask. Irradiation with 254-
nm UV light with an intensity of 2 mW/cm? was performed from one side for 35 min
using the UV chamber.

For cylindrical helix patterning, living composite samples were synthesized with
the same composition of monomers as described above and a pre-gel solution (0.9
billion to 1.1 billion cells/ml). Samples were cut into rectangular shapes (length, 40 mm;
height, 5 mm; and thickness, 0.5 mm) and patterned to induce cell death in 2.3-mm-wide
rectangles separated by 1.1 mm and positioned at 56° angle along the length of the
samples (Figure 2-3A). Irradiation was performed with the same wavelength, intensity,
and time as described above.

After irradiation, living composites bound to glass were incubated for 36 hours at
30°C with a medium change every 12 hours. Free-standing disks were incubated for 48
hours at 30°C with medium change every 12 hours. These samples were then imaged

using a fluorescent dye as described above. Cylindrical helix films were incubated for 48
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hours at room temperature with medium change every 6 hours and then imaged using a

Mighty Scope 5M digital microscope every 5 min.

2.4.11. Topography measurements of UV photopatterned living composite coatings
Topography (Figure 2-1F) of living composite coatings was imaged using a
digital microscope (Keyence VHX-1000). To characterize the change in film thickness
after cell proliferation, measurements along the depth profile of the letter “A” were
taken. The camera limit points were set by focusing on the highest point of the grown
letter and on the coated UV-killed surface. Between these limits, images were taken at
%100 magnification along the surface of the letter. Images were then stitched using the
KEYENCE software.
2.4.12. Quantifying shape change in living composites with auxotrophic yeast strain
Before composite synthesis, the auxotrophic yeast strain (CRY with empty
vector, denoted as negative control strain) was grown overnight in selective medium
[0.7% yeast nitrogen base without amino acids, 2% D-glucose, and appropriate amino
acid supplements?** lacking tryptophan, leucine, and histidine] containing L-histidine.
Subsequently, overgrowths were made in 50 ml of YPAD (1% yeast extract, 2%
peptone, 0.004% adenine sulfate, and 2% D-glucose) medium at 30°C for 15 hours.
Growth was followed by measuring optical density at 660 nm until desired yeast
concentration was reached (ODsso = 1 to 1.1). Cells were then centrifuged in 50-ml
conical tubes and washed twice in distilled water before encapsulation. Composites with

encapsulated auxotrophic yeast were synthesized by using 10% (w/v) acrylamide and
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0.1% (w/v) MBAA with pre-gel solution (0.9 billion to 1.1 billion cells/ml), as described
above. For volume change experiments, living composites were first equilibrated in
water for 24 hours and then cut into 10-mm-diameter disks with a thickness of 500 um.
Disks were incubated in selective medium lacking L-histidine with 10 mM 3-AT

(HIS3 gene competitive inhibitor) for 48 hours at 30°C, with a medium change every 12
hours. After this time, composites were incubated in selective medium containing L-
histidine and 10 mM 3-AT for another 48 hours, with a medium change every 12 hours.
Disks were measured after growth for quantification of volume change.

Identical disks were also exposed to selective medium containing L-histidine,
selective medium containing D-histidine, a sterecisomer of the natural amino acid L-
histidine, and selective medium without L-histidine. These composites were incubated
for 72 hours at 30°C, with a medium change every 12 hours. Data presented are an
average of three samples per experiment.

2.4.13. Controlled blockage of microfluidic device

For shape change experiments using a microfluidic device, composites were cast
into microfluidic polymer micromolds. These molds were built with 75 mm-by-51 mm
glass slides. One of the two slides was functionalized with methacrylate groups by the
processes described above. The other slide was coated in Rain-X. Slides were separated
with one 250-um polystyrene spacer on each side, and BPA mixture with 1 wt % 1-369
photoinitiator was pipetted into the mold. Using a Vivitek D912HD (B9Creator)
projector with the UV filter removed and the optics modified to decrease the focal

length, a positive mold of a microfluidic device with a 600-pum-wide inlet channel and

66



four 400-um-wide outlet channels was polymerized onto the methacrylate-functionalized
glass slide. To remove all unpolymerized BPA, slides were cleaned by multiple washes
between acetone and isopropanol. This micromold was then used to create a cell for the
polymerization of the living composite. After polymerization, microfluidic devices were
allowed to equilibrate in dH20 for 24 hours. Using UV patterning (254-nm wavelength,
35 min, 2 mW/cm? intensity), most of the composite was rendered inviable. Two of the
four outlet channels, as indicated in Figure 2-3F, were kept alive by preventing UV
exposure on the channel areas with a shadow mask. Selective medium containing L-
histidine was then flowed at a rate of 34 pl/min through one set of microfluidic devices
(n = 3), and selective medium without L-histidine was flowed through another set of
devices (n = 3) at the same rate. Before and after medium flow, channels were injected
with a PEG-DA solution mixed with sulforhodamine B aqueous solution at 1% of the
total PEG-DA volume. Flowing this solution allowed visualization of the flow through
the microchannels before and after growth. Topographical quantification of these
samples was performed following the same process described for living composite
coatings.
2.4.14. Yeast two-hybrid assays

L40 cells were cotransformed with the appropriate plasmids as described above
and in the literature.?*® Cells were plated on selective medium agar plates with 10 mM 3-
AT. Two replicate plates were grown in the dark, and two were irradiated with blue light

at 455 nm for 2 s every 2 min. Plates were incubated at 30°C for 3 days.
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Transformants were grown to saturation in selective medium lacking L-histidine
overnight at 30°C. Afterward, aliquots (100 pl) of the saturated cultures were outgrown
in 1 ml of fresh minimal medium and incubated at 30°C for 4 hours. Optical density at
660 nm was recorded using a Spark 20 M multimode reader. f-Galactosidase expression
was quantified using the Beta-Glo Assay System (Promega). Briefly, 50 ul of cell
cultures was added to an equal volume of reagent and allowed to incubate for 45 min
before quantification. The luminescence values were normalized to cell densities for
each culture.
2.4.15. Optogenetic control of shape change

Control of proliferation by exposure to blue light was achieved by encapsulating
experimental yeast strains that express photosensory proteins. Pre-gel solutions with a
composition of 10% (w/v) acrylamide and 0.1% (w/v) cross-linker were mixed with 0.9
billion to 1.1 billion transformed cells per milliliter of solution. Positive and negative
control strains were encapsulated using the same pre-gel composition and cell
concentration. For volume change experiments, composites with each of the three strains
were cut into 10-mm-diameter disks with a thickness of 500 um. Samples were
incubated in selective medium lacking L-histidine with 10 mM 3-AT for 72 hours with
medium change every 12 hours. Then, samples were irradiated with blue light (455 nm)
(Figure 2-4C) or kept in the dark. The intensity of irradiation was measured with a solar
power meter (Amprobe SOLAR-100) and set at 2.7 mW/cm?. For blue light

experiments, samples were irradiated for 2 s every 2 min. Volume changes were
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measured every 24 hours for all samples before and after incubation. Data presented are
an average of three samples per experiment.

For spatiotemporal control of proliferation, free-standing films with encapsulated
experimental yeast strain were UV-patterned as shown in fig. S10. Films were kept in
dH20 for 24 hours in the dark before blue light exposure. Films were then incubated in
selective medium with 10 mM 3-AT at 30°C in the dark for 72 hours. For the first 48
hours, only the left half of the film was exposed to blue light to induce proliferation of
cells. After this time, the right half was irradiated for 24 hours. Images are representative

from three trials.
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3. 4D PRINTING OF ENGINEERED LIVING MATERIALS"

3.1. Abstract

Herein, a method that uses direct-ink-write printing to fabricate engineering
living materials (ELMs) that respond by undergoing a programmed shape change in
response to specific molecules is reported. Stimuli-responsiveness is imparted to ELMs
by integrating genetically engineered yeast that only proliferate in the presence of
specific biomolecules. This proliferation, in turn, leads to a shape change in the ELM in
response to that biomolecule. These ELMs are fabricated by co-printing bioinks that
contain multiple yeast strains. Locally, cellular proliferation leads to controllable shape
change of the material resulting in up to a 370% increase in volume. Globally, the
printed 3D structures contain regions of material that increase in volume and regions that
do not under a given set of conditions, leading to programmable changes in form in
response to target amino acids and nucleotides. Finally, this printing method is applied to
design a reservoir-based drug delivery system for the on-demand delivery of a model
drug in response to a specific biomolecule.
3.2. Introduction

Stimuli-responsive materials respond to changes in the external environment by

self-healing, changing mechanical properties, or morphing from one form to another.3¢-

* Reprinted with permission from “4D Printing of Engineered Living Materials” by L.K Rivera-Tarazona,
T. Shukla, KA Singh, A.K Gaharwar, Z.T Campbell, and T.H Ware, 2021. Advanced Functional
Materials. 10, 2106843. Copyright [2021] by John Wiley & Sons Inc.
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238 The utility of these materials in engineering applications is dictated by the type of
stimulus used as well as elicited response. Numerous examples of stimuli-responsive
materials that respond to external stimuli, including pH, temperature, light, and electric
field, have been described for various biomedical and biotechnological applications.?3
Typically, these stimuli directly modify the material’s physical properties, which results
in the desired stimulus-response.?4%-243 For example, shape-changing materials can be
synthesized by engineering hydrogels that swell or shrink in response to changes in pH
or temperature.?4424> These stimuli-responsive materials can be used to generate
materials that undergo programmable shape change if the magnitude or anisotropy of the
swelling can be varied spatially in the structure. 28240 For example, half-tone
lithography can be used to pattern crosslink density, and four-dimensional (4D) printing
can be used to program anisotropic shape change behavior by controlling the local
orientation of polymer composites.?2%:223246 These techniques can be used to build
sensors, soft robots, biomimetic devices, and drug delivery devices.173247-250
Nevertheless, the external stimuli that trigger shape change are often temperature
changes, UV light irradiation, or solvent exposures that are often limiting factors in
biomedical applications. In general, these types of stimuli may cause deleterious effects
to the surrounding tissue if used in the human body. To overcome such limitations,
materials that respond to subtle biochemical changes in the environment may be more
suitable for biomedical applications.

Some classes of materials respond to weak and poorly differentiated stimuli.

Here, we define weak and poorly differentiated stimuli as changes in the external
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environment that are too small and subtle to cause a material to traverse a phase
transition, dramatically swell, or undergo other physical changes. For example, most
hydrogels would not swell dramatically in the presence of one amino acid while resisting
swelling in another amino acid. Materials that detect the presence or absence of different
biomolecules can be of great advantage in mimicking biomolecular recognition in
artificial systems. Typically, biomolecular-responsive materials are engineered with
highly specific recognition elements that induce programmed responses when subjected
to specific processes, including enzyme-catalyzed reactions and DNA hybridization
exchange.?%21:251 Incorporation of biomolecule-responsive motifs in materials can enable
therapeutic applications in the early detection of disease-related biomarkers or the
delivery of drugs to target tissue for the treatment of numerous diseases. Shape-changing
materials capable of responding to physiologically relevant biomolecules represent one
option for the delivery of therapeutics to target tissue. For example, phenylboronic acid-
based hydrogels are capable of delivering insulin by responding to physiological glucose
concentrations that change the swelling behavior of the hydrogel.?>> Molecularly
imprinted hydrogels can swell or shrink in response to specific target proteins, such as
thrombin; this thrombin-responsive volume change has been proposed as a method to
trigger drug delivery.?3 However, the responses achieved with these types of materials
are difficult to generalize to a wide variety of potential biochemical targets as each target
should induce a highly specific change to the polymeric material. In contrast, living
organisms natively respond with specificity to a wide variety of target biochemicals and

can be engineered to induce specific responses in materials.
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Engineered living materials (ELMSs) integrate living cells and synthetic
components and have been used to create stimuli-responsive devices.?6:27:25425 E|_Ms
can be designed to harness the biological functions of living cells to detect small changes
in the environment and respond in a programmed manner. Importantly, genetic
manipulation of living cells enables the design of ELMs with engineered responses to a
wide range of stimuli.185197.201 These stimuli induce a variety of chemical responses in
ELMs, including sensing and reporting, drug-producing, self-healing, and self-
cleaning.®3:256-25% EL_Ms comprised of genetically engineered living microorganisms can
be programmed to perform desired functions and thrive in a wide range of environmental
conditions, from those found in infrastructure to the gastrointestinal tract in the human
body.®9260 In some cases, ELMs can be formed using probiotics, providing a multimodal
mechanism of action in biomedical devices.?*® In each of these ELMs, the primary
function is derived from the chemical activity of the living cells.

Distinct from chemically active ELMs, we previously described mechanically-
active ELMs where encapsulated yeast proliferate and induce shape change in a
hydrogel matrix.*®” In these ELMs, however, the spatial distribution of cells and the
form of the material were limited by molding techniques used for fabrication. 3D
printing techniques have been used to spatially control the distribution of yeast and
bacteria in 3D structures used for biocatalytic processes and environmental and
biomedical applications.”6:89.94261262 | synthetic materials, 4D printing techniques have

enabled the design of stimuli-responsive materials that change shape, in which the 3D
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fabricated form changes over time to yield 4D printed structures.®220263.264 These 4D
architectures have opened new avenues for the design and study of shape-morphing

medical devices.
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4D printed engineered living material

Figure 3-1: Fabrication of shape-morphing engineered living materials. (A)
Schematic represents the process of 4D printing a multimaterial shape-changing ELM.
(B) Chemical structures of acrylamide monomer and bisacrylamide crosslinker, and
picture of active dried yeast (Scale bar: 10 mm). Reprinted with permission from [296].
Copyright (2021) Wiley-VCH.

Here, we report the use of direct-ink-write additive manufacturing to synthesize
ELMs capable of shape change in response to small changes in the environment. We
investigate the 4D- printing of hydrogels from yeast-containing bioinks and cell-free
inks (Figure 3-1A). Importantly, control over the spatial distribution of yeast quantity
and type allows for the controlled proliferation of cells within the 3D structure, resulting
in structures that morph into complex shapes. These programmable shape

transformations can be controlled using genetically engineered yeast probiotics capable
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of proliferating only in the presence of specific biogenic amines or nucleotides. Finally,
we show that these printed ELMSs can be designed into drug delivery devices that change
shape and deliver a model drug to the surrounding environment in response to a
biochemical cue.
3.3. Results and discussion

In this work, we describe a system of 4D printed ELMs where the strain and
concentration of embedded yeast can be controlled in 3D printed objects. The resulting
objects respond to the presence of specific biochemicals by undergoing programmed
changes in form. We then use this system to create a 4D printed drug delivery device,
where the programmed shape change of the ELM ruptures a reservoir in response to a
biochemical cue.
3.3.1. Ink characterization

We formulate a series of printable inks that can be crosslinked into hydrogels and
study the rheological behavior of both cell-containing and cell-free materials. Cell-
containing inks are comprised of yeast (Saccharomyces cerevisiae or Saccharomyces
boulardii), cellulose nanocrystals (CNCs) as a rheological modifier, acrylamide as a
linear monomer, bisacrylamide (BIS) as a crosslinker, LAP as a photoinitiator, and water
(Figure 3-1B). The presence of both yeast and CNCs affects the rheological properties of
the inks. Previously, both have been used to induce shear-thinning behavior and increase
the shear modulus of 3D printable hydrogel precursors.8:265266 To fabricate cell-
containing inks (bioinks), we vary the concentration of CNC (5, 8, 11 wt %) in

compositions comprised of a fixed concentration of active dried yeast (S. cerevisiae 12
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wt % corresponding to approximately 4 x 10° cells/mL) dispersed in aqueous solutions
containing 8 wt % acrylamide, 0.1 wt % BIS crosslinker, and 0.02 wt % LAP
photoinitiator. We observed that each of the bioinks exhibits strong shear thinning
behavior. Viscosity at low shear rates slightly increases as CNC concentration increases
(Figure 3-2A). Cell-free inks composed of 11, 16, 19, or 22 wt % CNC and the same
concentrations of monomer, crosslinker, and photoinitiator as described above were also
strongly shear-thinning and showed a slight increase in viscosity as CNC concentration
increases (Figure 3-2B). Both bioinks and cell-free inks follow the power-law viscosity
model with flow indices of near 0, as shown in the tabulated results in Table A-1. For
both bioinks and cell-free inks synthesized in this study, the inclusion of CNCs led to
higher shear storage modulus than shear loss modulus (FigureS 3-2C, D), which
indicates that, at low shear strains, both types of inks have a solid-like behavior that
allows shape retention. This shape retention allows the bioinks and cell-free inks to
retain form during photocuring with UV light under a nitrogen environment to form
ELMs and cell-free hydrogels, respectively.
3.3.2. Mechanical properties, volume change, and shape change evaluation

The mechanical properties of ELMs and cell-free hydrogels are influenced by
CNC concentration.[?3251\We altered the feed ratio of CNC from 5 wt % to 14 wt % in
ELMs containing S. cerevisiae and from 11 wt % to 22 wt % in cell-free hydrogels. We
measured Young’s modulus of ELMs and cell-free hydrogels using uniaxial

compression testing on samples after synthesis (no growth). As shown in Figure 3A, an
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Figure 3-2: Influence of CNC on printability of ELMs and cell-free inks. (A)
Log-log plot of viscosity for each bioink composition as a function of shear rate at
room temperature. (B) Log-log plot of viscosity for each cell-free ink as a function
of shear rate at room temperature. (C) Storage and loss modulus as a function of
shear stress for each bioink composition. (D) Storage and loss modulus as a
function of shear stress for each cell-free ink composition. Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.

increase in Young’s modulus from 13 + 2 kPa to 20 + 1 kPa, as CNC loading increases
up to 11 wt % in ELMs, is observed. After 14 wt % CNC, the Young’s modulus of the
ELM decreased. This decrease may be attributed to the reduction of the crosslinking
density due to the presence of both cells and CNC making up to 26 wt % of the ELM.

For cell-free hydrogels, an increase in the overall Young’s modulus from 13 + 1 kPa to
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26 + 2 kPa, as CNC increases from 11 wt % to 22 wt %, is observed (Figure 3-3A).
Similar behavior related to the increase in Young’s modulus has been previously
reported in polyacrylamide hydrogels containing CNCs. 267

Each of the ELMSs undergoes an increase in volume when exposed to conditions
appropriate for growth, while the cell-free hydrogels undergo a decrease in volume in
the same growth medium. To quantify the shape change of each of these composites due
to cell proliferation, ELMs and cell-free hydrogels (n = 3) were grown in synthetic
complete medium at 30 °C in aerobic conditions. The volume change for both types of
materials was measured every 12 h for two days. For each of the ELMs, cell
proliferation within the hydrogel leads to an increase in the total biomass within the
material. As yeast are substantially stiffer (1-10 MPa)?8 than the surrounding hydrogel
(20 £+ 1 kPa for 11 wt% CNC), the increase in biomass is accommodated by a
macroscopic volume change.®” We observed that as CNC concentration increases from
5 to 14 wt %, the volume change of ELMs decreases from 370 + 23 % to 190 + 13 %
(Figure 3B and Figure A-11), likely due to the increase in stiffness of these ELMs.
Significant differences between the volume changes at 48 h of ELMs made with 5 wt %
CNC and ELMs made with 14 wt % CNC were observed (t-test, P < 0.001). The
macroscopic volume change of an 11 wt % CNC ELM disk is shown in Figure 3C. Cell-
free hydrogels were placed in the same culture flasks as the ELMs. As described in the
literature, yeast acidifies the external medium due to proton secretion during
fermentation, secretion of organic acids, and CO2 evolution.?6%-?"! These cell-free

hydrogels undergo a minor deswelling due to acidification of the synthetic complete
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medium (Figure A-12 and Figure A-13). Previously, CNC/polyacrylamide hydrogels

A § 30 B 400 ;
& @ Cell-containing .I. <
» 2 = Celifree (>
g b o 300 c -
S 20 (o)) M
3 G
= 15 = -8 200 - -1
0} [0}
10 = 5% CNC
% = 100 = 8% CNC |
%) = 11% CNC
o 5F H ) 14% CNC
= >
£ O 0 L1
o 5= 8 “110 1451619722 0 10 20 30 40 50 60
© CNC (%) Time (h)
C Top view Side view

48 h

oh 48 h
After growth

Side view

-

oh 48 h

Figure 3-3: Influence of CNC at varying concentrations on mechanical
properties and shape change. (A) Compressive modulus as a function of CNC
content for cell-containing and cell-free materials. (B) Volume change as a
function of time for each ELM composition. (C) ELM disk before and after
growth in synthetic complete medium. Top view shown on the left and side view
shown on the right (Scale bars: 5 mm). (D) 4D printed ELM in the form of a disk
that consists of a cell-free outer ring and a cell-containing inner disk. After 48 h
of growth in synthetic complete medium, the structure changes shape from a
negative (left) to a positive (right) Gaussian curvature geometry (Scale bars: 10
mm). Each data point represents the mean (n = 3) and error bars represent
standard deviation. Trend lines are only intended to guide the eye. Statistical
analysis: t-test, *** P-value < 0.001. Reprinted with permission from [296].
Copyright (2021) Wiley-VCH.
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have been shown to deswell at low pH.272273 In the remaining experiments, we use
bioinks with 11 wt % CNC and cell-free inks with 22 wt % CNC to build 4D printed
structures.

Using the materials described thus far, we employ direct-ink-write printing to
build objects comprised of ELMs and cell-free hydrogels that grow into patterned forms.
Using multi-material printing, we fabricate a disk composed of ELM and cell-free
material. The 4D printed structure adopts a saddle-like shape after being equilibrated in
synthetic medium without glucose (Figure 3-3D, left). This saddle-like shape is obtained
due to the differential swelling between the ELM inner disk and the outer ring cell-free
material. In this case, the outer cell-free ring gets larger in area as compared to the inner
disk due to a slightly higher volume increase after equilibrating in the medium. Thus, the
ELM structure minimized its elastic energy by adopting the observed 3D negative
Gaussian curvature form.1%7:21% After growth in synthetic complete medium for 48 h, cell
proliferation within the inner disk induces a 3D transformation into a hat-like structure
(Figure 3-3D, right).?*® This positive Gaussian curvature structure is adopted due to the
ELM inner disk growth that increases in volume and the slight decrease in volume of the
cell-free outer ring after growth. While direct-ink-write printing is used to encapsulate
yeast in 3D ELM obijects, it is important to note that yeast leak during growth of the
ELMs. We expect that yeast found on or near the surface of the 3D printed ELMs are not
fully trapped. Due to the same forces that drive shape change, these cells escape from the
object and freely proliferate in the growth medium. The printed ELMSs, however, remain

intact while increasing in volume due to cell proliferation during growth.
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3.3.3. Fabrication of genetically engineered ELMs

Having developed a system of 4D printable ELMs that undergo shape change, we
now seek to use this system to create 3D structures that respond to specific biochemical
stimuli. As we are motivated by the ultimate use of these materials in biomedical
applications, such as drug delivery to specific tissues in the gastrointestinal tract, we
built ELMs using a probiotic strain of S. cerevisiae. This strain, Saccharomyces
boulardii, is used as a biotherapeutic agent to prevent and treat gastrointestinal
disorders.?’427 In particular, S. boulardii is a good candidate for designing ELMs that
function in the gastrointestinal tract of the human body, as it can grow at 37° C, is well
tolerated in vivo, survives transit through the stomach, and is amenable to genetic
engineering.276-278

Genetic engineering of probiotics enables programming of the conditions
required for proliferation of the embedded strains and, therefore, the shape change of the
composite. We utilized a series of S. boulardii auxotrophic mutants (LEU2, URA3,
TRP1, and HIS3) that were previously modified through the clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas9 genome editing system (Figure 3-
4A).?8 Each mutant used was deficient in either L-leucine, uracil, L-tryptophan, or L-
histidine synthesis. As a result, the proliferation of each mutant is minimal unless the
specific amino acid or nucleotide is present in the growth environment. The auxotrophic
phenotype for each mutant was confirmed after growth in Petri dishes containing
synthetic medium agar lacking the corresponding amino acid or nucleotide (Figure 3-
4B).
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Figure 3-4: Engineered probiotics can form ELMs. (A) Schematic of

engineered Saccharomyces boulardii probiotic (top). This probiotic has been modified to
obtain four different mutants that are each auxotrophic for either L-leucine, L-
tryptophan, L-histidine, or uracil. Schematic represents the position of the mutant
streaked on synthetic medium agar plates (bottom). (B) Growth behavior of each of the
mutants on synthetic medium agar plates that lack each of the amino acids or nucleotide.
(C) Volume change over time of ELM disks that contain S. boulardii-URA3 grown in
the presence of synthetic complete medium and synthetic medium lacking uracil
(control). (S.bou: S. boulardii; SD: synthetic medium agar; L-his: L-histidine; L-trp: L-
tryptophan; L-leu: L-leucine). Each data point represents the mean (n = 3) and error bars
represent standard deviation. Trend lines are only intended to guide the eye. To better
visualized the data, open dots show the individual data points for ELMs grown in the
presence of uracil. Statistical analysis: t-test, * P-value < 0.05. Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.

The probiotic strains proliferate within and drive volume change of the ELM.
Using the same growth conditions as S. cerevisiae ELMs, we observed that ELM disks
containing S. boulardii-URA3 mutant changed in volume up to 191 + 60 % after 48 h in
synthetic complete medium (Figure 3-4C). This increase in volume is significantly
different compared to control samples of these ELMs (t-test, P < 0.05) that increased
only 24 + 14 % in volume after 48 h in synthetic medium lacking uracil (Figure 3-4C).
ELMs encapsulating auxotrophic mutants LEU2, TRP1, and HIS3 were also tested in

synthetic complete medium and synthetic medium lacking the corresponding amino acid
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(Figure A-144 and Figure A-15). Similar behavior as the composites containing the S.
boulardii-URA3 was observed in these ELMSs, where growth is triggered by the presence
of all amino acids in the synthetic complete medium and nearly totally absent in the
absence of the specific amino acid that the strain cannot synthesize (Figure A-16).
Significant differences between the volume changes of these ELMs at 48 h and their
corresponding controls were also observed (t-test, LEU2, P <0.01; TRP1, P <0.01;
HIS3, P < 0.05). The use of auxotrophic probiotics enables ELMs that change shape only
after detecting small concentrations (e.g., ~ 80 pg/mL of uracil in medium) of specific
amino acids or nucleotides.
3.3.4. Multi-probiotic shape-changing ELMs

Direct-ink-write printing allows the spatial distribution of different probiotic
mutants within a single ELM structure. Each region of the structure then grows only
when then the appropriate biochemical cue is present. ELM bilayers were printed that
contained two of the genetically engineered S. boulardii mutants (TRP1, URA3), with
each layer containing one mutant (Figure 3-5A). The resulting bilayers bent in the
presence of synthetic medium with either the amino acid L-tryptophan or the nucleotide
uracil. We first measured the change in bending curvature (k = 1/r) of an ELM bilayer
growing in synthetic medium lacking L-tryptophan. The bilayer underwent a change in
curvature that was obtained due to the mismatch strain between the ungrown layer
containing the mutant S. boulardii-TRP1 and the growing layer of S.boulardii-URAS3. In
Figure 3-5B, we observed that the bilayer underwent a substantial increase in curvature

when grown in synthetic medium lacking L-tryptophan for the first 36 h, with the layer
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containing the S. boulardii-URAS3 on the outside of the structure. After changing the
bilayer to synthetic medium lacking uracil, the curvature continued to increase during
the first 12 h of growth. This continued bending might correspond to the time required to
exhaust residual metabolic pools of uracil enabling some residual growth of the cells in
the S.boulardii-URA3 layer. After 12 h, the bending curvature decreases due to the
growth of the S. boulardii-TRP1 layer and the absence of growth of the S.boulardii-
URAZ3 layer. After 120 h of total growth time, the ELM bilayer returns to a flat shape
and has an overall increase in volume. The evolution of the curvature of a representative
ELM bilayer is shown in Figure 3-5C and replicates are shown in Figure A-17. This
sequential shape change is triggered first by the presence of a specific amino acid and
then by a specific nucleotide in medium that contains many other amino acids and
nucleotides. In contrast to experiments where hydrogel bilayers sequentially change in
bending curvature in response to pH and temperature,?’® these ELM bilayers are capable
of sequentially changing in curvature in response to multiple specific biomolecules.
Sequential shape change in materials triggered by exposure to low concentrations of
poorly differentiated molecules has not been previously demonstrated.

This multi-probiotic material platform can provide a novel way to achieve
structures that transform into multiple shapes in response to multiple specific molecules.
To create such a structure, we printed ELM structures composed of two S. boulardii
probiotic mutants (TRP1 and LEU2) arranged in an asymmetric configuration (Figure 3-
6A). These structures consisted of patterned bilayers where the bottom was printed as a

rectangular continuous structure encapsulating S. boulardii-LEU2, and the top layer was
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printed as stripes encapsulating S. boulardii-TRP1. These ELMs undergo distinct shape
transformations in response to two specific stimuli (Figure 3-6A). After 48 h of growth
in synthetic medium lacking L-leucine but containing L-tryptophan, the flat structure
morphs into a cylindrical tube with normal curvature only along its short axis. This

curvature results from the growth in volume of the stripes and the underlying layer
maintaining its original form.

A Sequential growth B

S. bou-TRP1 '
Top layer ‘
— ¥

S. bou-URA3 \
Bottom layer

Curvature (mm™)

Figure 3-5: 4D printing ELMs capable of sequential shape change. (A) Schematic of
a printed bilayer composed of two engineered S. boulardii mutants. Bilayer is capable of
sequential shape change. (B) Curvature as a function of time of a bilayer that contains S.
boulardii mutants URA3 and TRP1. Bilayer grows in synthetic medium lacking L-
tryptophan for the first 36 h and then it grows in synthetic medium lacking uracil for

96 h. (C) Sequential shape change over time of the ELM bilayer (Scale bar: 10 mm).
Reprinted with permission from [296]. Copyright (2021) Wiley-VCH.
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The same type of ungrown printed geometry was incubated in synthetic medium
lacking L-tryptophan but containing L-leucine. In this case, the continuous bottom layer
of the ELM increases in volume due to cell proliferation. As shown in Figure 3-6B,
when the bottom layer of the printed film grows in this medium, the ELM changes into a
bent tube with normal curvature along both the short and long axes after growing for 48
h. This curvature that develops along the short axis is in the opposite sense as compared
to the structures grown in L-tryptophan, as now the continuous bottom layer is larger
than the stripes. Either of the grown ELMSs can then be incubated in synthetic medium
containing the other biochemical stimulus. In both cases, the grown structure partially
unbends due cell proliferation of the previously ungrown layer (Figure A-18 and Figure

A-19).
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Figure 3-6: 4D printing ELMs capable of multiple shape change. (A) Schematic of
a printed bilayer composed of two engineered S. boulardii mutants. Top layer is
printed as stripes and bottom layer as a flat sheet. (B) Printed structure is capable of
changing shape into two different types of geometries. When the bilayer is incubated
in synthetic medium lacking L-leucine, it changes shape into a tube-like structure
(left). When it is incubated in synthetic medium lacking L-tryptophan, the bilayer
adopts a geometry with two types of bending (right) (Scale bars: 10 mm). Reprinted
with permission from [296]. Copyright (2021) Wiley-VCH.

3.3.5. 3D-printing shape-changing drug delivery ELMs

Having established that we can fabricate 4D printed ELMs that respond by

changing shape in a programmed manner to specific biochemical cues, we hypothesized
87



that we could harness this shape change to build capsules that deliver a model drug in
response to a biochemical cue. By designing a device that can respond to such subtle
cues, we ultimately aim to enable the use of ELM drug delivery devices to target specific
locations of the body, while noting that the current device only tests the delivery
mechanism. We fabricated a model drug delivery device by printing an ELM S.
boulardii-TRP1 mutant in the base and cell-free material in the body and lid of a capsule
(Figure 3-7A). The capsules are fabricated with dimensions that resemble those of
common oral pharmaceuticals and are hollow to function as reservoirs of a model drug
that cannot diffuse through the hydrogel. The working principle of this device is that
growth of the ELM base layer will rupture the capsule and the model drug will be
released from the capsule’s reservoir in response to a specific amino acid. The ELM
capsules are filled during printing by injecting the model drug into the open, hollow
structure. This process was done before the printer finished the process of closing the
capsule. Micrometer-sized materials that carry drugs have been useful in therapeutic
applications via the oral route, such as inflammatory bowel diseases, diabetes, cancer,
and anti-inflammatory therapies.?2%-282 Qur capsules are printed using a concentric path
in the shape of a square for each part of the capsule. The use of a concentric path to build
the base of the capsule results in a weak point at the center of the base. We hypothesized
that the capsules would fail near this weak point to enable the release of the model drug.
We fabricated capsules that were grown in synthetic complete medium at 37 °C to record
their shape change and model drug release over time. Due to the base of the capsules

being constricted by the cell-free structure, the base expands and eventually ruptures
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between the 12 h and 24 h or between the 24 h 36 h timepoints. The evolution of shape
change and rupture of a representative capsule is shown in Figure 3-7B. This rupturing
was observed to start near the fabricated weak point, which allows the release of the
model drug from the reservoir.
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Figure 3-7: 4D printing ELM drug delivery devices. (A) Schematic of a 3D printed
ELM capsule with an embedded probiotic mutant at the base. ELM capsules were grown
in synthetic complete medium or synthetic medium lacking the corresponding amino
acid. (B) Printed capsule containing S. boulardii-TRP1 and encapsulating model drug in
the reservoir (fluorescent microparticles). The device changes in area at the bottom and
eventually ruptures at 24 or 36 h timepoints. (C) Cumulative microparticle release
quantification. Experimental capsules rupture and release fluorescent microparticles
between 12 and 24 or 24 and 36 h of growth in synthetic complete medium. Positive
controls are manually ruptured and release model drug from start to end of growth in
synthetic medium lacking L-tryptophan. Negative controls incubated in synthetic
medium lacking L-tryptophan do not rupture or release model drug (Scale bars: 5 mm).
Each data point represents the mean (n = 3) and error bars represent standard deviation.
Trend lines are only intended to guide the eye. Statistical analysis: one-way ANOVA
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followed by a post hoc Tukey test, * P-value < 0.05, ** P-value < 0.01. Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.

The release of the model drug to the surrounding medium is governed by the
rupture of the capsule. To monitor model drug release, the medium surrounding the
capsule was collected every 12 h for two days, and the contents were quantified by
counting the released model drug in the flow cytometer. A single type of capsule was
fabricated, and the release of drug was monitored in three conditions. The experimental
condition consisted of capsules grown in synthetic medium containing L-tryptophan.
The negative control was capsules incubated in synthetic medium without L-tryptophan.
The positive control was capsules that were manually ruptured along the base and
incubated in synthetic medium without L-tryptophan. In the first 12 h, the experimental
and negative control capsules release very few or no model drug fluorescent
microparticles, while the positive control capsules release 4 + 2 % of the total
encapsulated model drug. By 36 h, all of the experimental capsules have ruptured and
have released 6 + 2 % of the total encapsulated model drug. Statistical analysis using
one-way ANOVA reveals that there is a significant difference between the release of the
model drug at 48 h between the experimental and positive control capsules (P < 0.05).
We relate this higher release of model drug from the experimental capsules to the
ruptured point at the base growing larger over the time of growth (Figure 3-7C). This
increase at the ruptured point in positive control capsules is not observed because the
base of the capsule remains ungrown throughout the total growth time in its

corresponding medium (Figure A-20). Importantly, we also tested intact negative control
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capsules that were placed in medium lacking L-tryptophan and observed a small
apparent release of the model drug to the surrounding environment. On observation, we
did not detect any failure in these capsules. As such, it is unclear if a small release was
observed or if accumulated noise in the measurements leads to this small apparent
release (Figure A-21). There is a significant increase in model drug release (P < 0.01) for
the experimental capsules with the growing base as compared to the negative control
capsules. We note that the experimental capsules were all ruptured by 36 h, however, a
great percentage of the model drug was not released. The same behavior was observed in
positive control samples. We believe that the retention of model drug within the capsules
might be due to some of the model drug adhering to the internal walls of the capsules
prior to crosslinking (Figure A-22). To ensure a higher percentage of microparticles are
released, future work may require crosslinking strategies that prevent the adherence of
microparticles to the material.

In this work, direct-ink-write printing enables spatial-control of the strain and
quantity of embedded yeast within synthetic hydrogels. This spatial control enables
structures that morph into complex shapes in response to engineered conditions. We note
that having such control could enable ELMs that serve as components of active drug
delivery devices. We created ELM capsules to provide a proof-of-concept demonstration
for the release of drugs driven by material shape change. This demonstration validates
the idea that shape-changing ELMs can respond to a biochemical stimulus and release a
contained compound. Nonetheless, several important challenges remain before these

devices could be used in a delivery device, for example, in the gastrointestinal (Gl) tract.
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One important challenge is the timescale of shape change after exposure to a stimulus.
This timescale of shape change must occur before the device is cleared from the body
and ideally would target the released compound to a tissue of interest. ELM delivery
strategies may need to be coupled up with other strategies that allow retention in the Gl
tract, such as microneedles or floating systems.?8428 Furthermore, while the presence or
absence of an amino acid is a convenient laboratory stimulus, it is not necessarily a
useful biochemical stimulus in a medical device. Free amino acid content in the GI tract
will be controlled by a range of conditions.?®” However, we note that proliferation,
which is the key behavior needed to induce delivery, is a behavior seen in all
microorganisms. Future advances in synthetic biology where probiotics are engineered
to respond to a disease-specific stimulus may be leveraged into ELM delivery devices.
3.4. Conclusion

We demonstrated the 4D printing of ELM objects that undergo programmable
shape changes in response to the presence or absence of particular biochemicals in a
milieu of biochemicals. The rheological modifier CNC was used to tune the viscosity of
bioinks and cell-free inks that are used to direct-ink-write different architectures. Multi-
material 4D printing of one or two types of bioinks within the same structure was used to
spatially distribute yeast of different strains and spatially control the concentration of
yeast. This approach enables the genetics of the encapsulated yeast to control the
stimulus needed to induce shape change. This approach is quite distinct from most shape
changing materials where physical changes in a synthetic polymer are driven by heat,

light, solvents, or other stimuli. This approach may enable new types of bioresponsive
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medical devices. Using genetically engineered probiotics, we fabricated proof-of-
concept drug delivery capsules that could release a model drug to the surrounding
environment only when a particular biochemical cue is present.
3.5. Materials and methods
3.5.1. Materials

Acrylamide, N,N’-methylenebisacrylamide (BIS), Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photoinitiator, L-leucine, uracil, agar, yeast
synthetic drop-out medium supplements without histidine, leucine, tryptophan, and
uracil (Y2001) were purchased from Sigma-Aldrich. Amino acids L-histidine and L-
tryptophan were purchased from Acros Organics. Cellulose nanocrystals (CNC) were
purchased from CelluForce. Commercial yeast (S. cerevisiae, active dry yeast,
Fleischmann’s) was purchased from Amazon. Yeast extract, yeast nitrogen base without
amino acids, D-(+)-glucose, and Thermo Scientific™ Fluoro-Max red aqueous
fluorescent microparticles (R0200) were purchased from Fisher Scientific. Rain-X was
purchased from Wal-Mart (College Station, TX). All chemicals were used as received
without further purification.
3.5.2. Mold construction

For volume change and mechanical testing experiments, molds were used to
create flat sheets of the ELM and cell-free hydrogels. Molds were made of two glass
slides (75 mm by 51 mm) treated with Rain-X to avoid material adhesion. The
unpolymerized material was sandwiched between the treated glass slides separated by 1-

mm thick spacer.

93



3.5.3. Quantification of cell density for ELMs encapsulating active dried yeast or
probiotic yeast

To quantify the number of cells of active dried yeast, cell density was measured
with a Genesys 10S UV/visible spectrophotometer by observing the optical density at
660 nm. Briefly, 1.2 g of yeast in was mixed with dH20 to prepare a 50 mL yeast
solution. Then, two-fold serial dilutions from 1:2 to 1:64 were made (n = 3) by mixing 1
mL of the initial yeast solution with 1 mL of dH20 until the 1:64 dilution. Diluted yeast
solutions (1 mL) were pipetted into a 1-mL cuvette for spectrophotometer
measurements. Optical densities between 1.6 and 0.8 were measured respectively for
1:16 and 1:64 dilutions. These densities correspond to numbers of cells of 5.22 x 107 and
1.26 x 107 cells, respectively. These results indicate that 1.2 g of active dried yeast
contains approximately 4 x 10%° cells.

Saccharomyces boulardii probiotic mutants (leu2, trpl, his3, ura3 — 18 tubes per
mutant) were incubated for 12 h in 5 mL of synthetic complete medium [0.67 wt % yeast
nitrogen base without amino acids, 0.139 wt % yeast synthetic drop-out medium
supplements, 2 wt % D-glucose, 0.038 wt% L-leucine, 0.0076 wt % L-tryptophan,
0.0076 wt % L-tryptophan, and 0.0076 wt % uracil] at 30° C in a shaking incubator at
200 RPM. Subsequently, overgrowths were made using nine flasks containing 2
overnight tubes each with 50 mL of synthetic complete medium that were incubated in
the same conditions. Overgrowths were combined and cell density was measured to

calculate the volume needed to reach approximately 4 x 10%° cells. This volume of cells
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was centrifuged and washed twice in synthetic complete medium to obtain a pellet.
Pellet of cells were kept in an incubator at 30° C for one hour before ink preparation.
3.5.4. Ink preparation for ELMs and cell-free hydrogels

To prepare 3D printable hydrogels containing active dried yeast, pregel/CNC
solutions containing 8 wt% acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, 11
wt% CNC, and 12 wt% active dried yeast in sterile dH20. The mixing process began by
mixing acrylamide, BIS, LAP and CNC with 38.88 wt% sterile dH20. Before adding the
yeast, the solution was mixed in a planetary AR-100 mixer (Thinky, Laguna Hills, CA)
for 2 min at 2000 RPM and then hand mixed with a metal spatula. The process was
repeated until the solution was well mixed. Then, yeast and remaining sterile dH20 was
added into the pregel solution and mixing process was repeated in the planetary mixer
until the ink was homogenous. For inks containing probiotic mutants, the appropriate
volume of pelleted cells (4 x 10° cells/mL) was mixed into the pregel/CNC mixture and
total ink volume was adjusted with sterile synthetic medium lacking D-glucose.

To prepare cell-free 3D printable inks, we prepared a solution containing 8 wt%
acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, and 22 wt% CNC in sterile
dH20. All ingredients were added in a glass vial and the solution was mixed in a
planetary AR-100 mixer (Thinky, Laguna Hills, CA) for 5 min at 2000 RPM and then
hand mixed with a metal spatula. The process was repeated until the solution was well
mixed.

For volume change experiments, mechanical testing, and rheology of ELMs

containing active dried yeast solutions were prepared with 8 wt% acrylamide, 0.1 wt%
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BIS, 0.02 wt% LAP photoinitiator, 12 wt% active dried yeast, and different
concentrations of CNC (5, 8, 11, 14 wt %). For volume change experiments, mechanical
testing, and rheology of cell-free hydrogels solutions were prepared with 8 wt%
acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, and different concentrations of
CNC (11, 16, 19, 22 wt %).

For volume change experiments of ELMs containing probiotic mutants, solutions
were prepared with 8 wt% acrylamide, 0.1 wt% BIS, 0.02 wt% LAP photoinitiator, 11
wt% CNC, and each S. boulardii probiotic mutant (4 x 10° cells/mL).
3.5.5. Ink rheological measurements and analysis

The rheological behavior of the ELMSs containing active dried yeast and cell-free
inks using different concentrations of CNC were characterized using a Discovery HR-3
Hybrid Rheometer (TA Instruments, New Castle, DE) using a 40 mm, 2.029° cone plate
geometry and a gap of 30 um. Viscosity measurements were conducted through
logarithmic sweeps of shear rates from 0.01 to 1000 s—. Oscillation sweep tests were
conducted at a fixed frequency of 1 Hz and a sweep stress from 0.1 to 500 Pa. All
measurements are performed at constant room temperature (22° C). The shear-thinning
properties of both bioinks and cell-free inks were determined using the power law
viscosity model following the equation: n = Ky™ 1. In this model, n represents the
viscosity, y is the shear rate, K is the consistency index, and n is the flow index. The
flow index gives important information regarding the type of material. When n < 1, the
material is shear thinning, whereas n > 1 or n = 1 indicate that the material is shear

thickening or Newtonian, respectively. For both bioinks (5, 11 wt % CNC) and cell-free
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inks (11, 16, 19, 22 wt % CNC), the flow indices were measured using the
corresponding viscosity data at shear rates between 101 and 10* 1/s. For bioinks made of
8 wt% CNC, flow indices were measured using the corresponding viscosity data at shear
rates between 102 and 10° 1/s.
3.5.6. Volume change quantification of ELMs and cell-free hydrogels

To quantify volume changes in ELMs with active dried yeast, cell-free
hydrogels, and ELMs with probiotic mutants, all inks were sandwiched between the
fabricated molds. Then, the molds were exposed to UV irradiation at 365 nm with an
intensity of 28 mW/cm? for 35 s on each side. All hydrogels were stored in synthetic
complete medium lacking D-glucose for 24 h prior to their corresponding growth test.
All hydrogels were cut into 10 mm diameter disks (n = 3 for each type of hydrogel). The
dimensions of each disk were measured before growth. ELMs containing active dried
yeast and cell-free hydrogels were incubated in the same culture flasks but separately for
each CNC composition using 175 mL of synthetic complete medium. ELMs containing
each probiotic mutant were grown in 175 mL of synthetic complete medium and in 175
mL of synthetic medium lacking their corresponding amino acid or nucleotide. All disks
were incubated in aerobic conditions at 30° C for 48 h with constant agitation
(200RPM). Volume changes were measured every 12 hours for 48 hours using a Canon
Rebel T7i camera.
3.5.7. Mechanical characterization

ELMs containing active dried yeast with 11 wt% CNC and cell-free hydrogels

containing 22 wt% CNC were selected for mechanical characterization. Briefly, samples

97



(3 mm x 3 mm x 1 mm) were cut from polymerized hydrogels in triplicates after
equilibration in synthetic medium lacking D-glucose. Compression testing was
performed using a MicroSquisher (CellScale Biomaterials Testing). We utilized tungsten
beam with a diameter of 1.016 mm that was glued to a 6 mm-by—6 mm platen on one
end. This tungsten beam was attached from the opposite end of the glued platen to the
machine’s actuator using a cantilever beam grip. Samples were loaded to the test
chamber filled with dH20 at room temperature. The bottom part of the flat platen was
brought into contact with the sample before measurements. The actuator was
programmed to move at a rate of 0.5 mm/min. Force as a function of displacement was
measured along the height (1-mm dimension) of the sample and calculated by the
machine’s software using the beam’s stiffness, beam’s length, and the changing height.
To calculate compressive modulus, we used strains from 1 to 20% because the stress-
strain response in this region was linear.
3.5.8. Probiotic mutant growth on agar plates

All probiotic mutants were plated on synthetic medium agar (15 wt % agar)
plates lacking L-leucine, L-tryptophan, L-histidine, or uracil. Growth was recorded after
60 h of incubation at 30° C using a Canon Rebel T7i camera.
3.5.9. Fabrication of 3D printed structures

The ELM and cell-free inks are loaded into 10 mL plastic syringes that are fitted
into the SDS-10 print heads (Hyrel 3D, Norcross, GA), attachments of the System 30M
3D printer (Hyrel 3D, Norcross, GA). For all multi-material printed structures, two SDS-

10 print heads are loaded in the 3D printer, and the X-Y coordinates between the two
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nozzle tips are calibrated using a Mighty Scope 5M digital microscope. G-codes were
designed to direct the print path of each print head to obtain the desired structures.
During the printing process, the inks are deposited at room temperature (22° C) through
a 250 um conical nozzle onto cleaned glass slides at printing speeds of 1.5 mm s and
uniform volumetric flow rates.

For disk geometries composed of ELM (S. cerevisiae) and cell-free materials, a
concentric print path was first printed to form a 1-layer inner ELM disk of 10 mm
diameter. Then, an outer ring with a width of 3 mm was printed to fit around the
boundaries of the disk. Bilayers composed of two different probiotic mutants (S.
boulardii-ura3 and S. boulardii-trp1) were printed as rectangular prisms (20 mm x 5 mm
x 0.5 mm) using a rectilinear print path that moved along the long geometric axis. First,
a 1-layer rectangular prism with a 0.25 mm thickness was printed with the first probiotic
mutant, and then the 2-layer with a different mutant was printed on top of the first ELM
layer.

To form the bilayers that change shape into multiple structures with probiotic
mutants S. boulardii-TRP1 and S. boulardii-LEU2, a rectangular prism (26.5 mm x 7
mm x 0.25 mm) was printed using a rectilinear print path that moved along the long
geometric axis. After printing this layer with the first probiotic mutant, the second layer
was printed on top and perpendicular to the long geometric axis of the bottom layer with
the second probiotic mutant. This layer formed six stripes (7 mm x 1.5 mm x 0.25 mm)

with a spacing of 3.5 mm between the stripes.
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To print drug delivery capsules, an ELM ink containing the probiotic mutant S.
boulardii-TRP1 was printed as a 1-layer square prism (5 mm x 5 mm x 0.25 mm) using
a concentric print path. Then a hollow rectangular prism (8 mm x 5 mm x 5 mm) with a
0.5 mm thickness using cell-free ink was printed on top of the ELM structure. After
printing, the hollow structure was filled with 50 pL of Thermo Scientific™ Fluoro-Max
Red Aqueous Fluorescent Particles. To close the capsule geometry, a hollow pyramidal
structure (4 mm height and 0.5 mm thick) made of cell-free ink was printed on top of the
rectangular prism. This geometry avoided the material collapsing on the open part of the
rectangular prism and allowed the fabrication of a sealed capsule.

After printing, all structures were placed in a nitrogen environment and
photopolymerized under UV (Omnicure LX500) irradiation at 365 nm with an intensity
of 10 mW/cm?. All geometries were exposed for 35 s to irradiate from the top and then
flipped and exposed for another 35 s to irradiate from the bottom.

3.5.10. Shape changes of 3D printed geometries

All shape changes of the 3Dprinted structures in this research study were
recorded every 12 h using a Canon Rebel T7i camera. Bilayer structures with one type of
shape change were grown at 30° C with constant shaking (200 RPM) in aerobic
conditions. Every bilayer was grown in 50 mL of synthetic medium lacking L-
tryptophan for 36 h and then in 50 mL of synthetic medium lacking uracil. The medium
was changed every 12 h.

Bilayers with multiple shape transformations were grown at 30° C with constant

shaking (200 RPM) in aerobic conditions. One set of these bilayers (n = 3) was grown in
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synthetic medium lacking L-tryptophan, and another set (n = 3) was grown in synthetic
medium lacking L-leucine. The medium was changed every 12 h.

3D printed drug delivery capsules were grown at 37° C with constant shaking
(180 RPM) in aerobic conditions. The experimental set of these bilayers (n = 3) was
grown in synthetic complete medium. Positive controls (n = 3) were grown in synthetic
medium lacking L-tryptophan and were manually ruptured at the bottom ELM layer to
allow the release of the model drug throughout the experiment. Negative controls (n = 3)
were grown in synthetic medium lacking L-tryptophan. Every capsule was grown
separately in 50 mL of their corresponding medium. Medium was collected every 12 h
and centrifuged for further experiments using flow cytometry.
3.5.11. Flow cytometry

The number of released fluorescent microparticles was quantified using a BD
Accuri C6 flow cytometer. The solution around the devices was centrifuged to collect
the released microparticles, which were then resuspended in dH20 to make a total
solution of 5 mL prior to flow cytometry. Dilutions were made by pipetting 100 puL of
the 5 mL solution containing microparticles in 900 uL of dH20. For each sample, 250
uL of the diluted solution was run through the cytometer, with gating such that particles
showing high fluorescence (~10°, similar to that of the Fluoro-Max Red Aqueous
Fluorescent Particles) in the 580 nm emission range being counted. All samples were run

in triplicate.
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3.5.12. Statistical analysis

Statistical comparisons were determined using Student’s t-test or one-way
ANOVA followed by a post-hoc Tukey test (GraphPad Prism 9). Data are shown as the
mean =+ standard deviation. For all tests, a P < 0.05 was used to consider the results

statistically significant.
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4. CONTROLLING CELL RELEASE IN SHAPE MORPHING LIVING MATERIALS
4.1. Abstract

Here, an approach that uses shape changing prokaryotic ELMs to deliver cells to
the surroundings is investigated. We fabricate ELMs comprised of different loadings of
prokaryotes and control material’s chemistry to understand better the delivery behavior
of cells from these encapsulating matrices. Cell viability of ELMs is studied to quantify
the approximate number of viable cells capable of driving mechanical transformations.
The combination of materials properties and the control of ELM chemistry enables
materials with controlled cell delivery. ELMs that change volume up to 100% can
deliver 3x the number of cells after 24 h of incubation compared to 2 h of incubation.
These prokaryotic ELMs could potentially be used in biomedical applications for the
long-term controlled delivery of bacteria probiotics within the human body.
4.2. Introduction

Engineered living materials (ELMSs) are a class of materials that use living
organisms incorporated into biomaterial matrices. The biological activity of living cells,
such as bacteria and yeast, and their ability to be genetically engineered, is crucial to
impart multifunctionality in materials.?>> Matrices, such as biofilms can also be produced
by living cells to engineer the living material itself.?8828% ELLMs with functionalities for
biomedical applications have been implemented to create devices for biomedical
applications. For example, wearable sensors that encapsulate engineered microbes and
respond by expressing fluorescent proteins have been designed.”® Drug delivery

engineered biofilms have been created to elute growth factors for stem cell
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differentiation.'®! Bacterial matrices have been fabricated with adhesive properties for
potential treatments in chronic inflammation.?*® ELMs that use biomaterial matrices are
typically hydrogels that are soft and porous to maintain the survival of the living
microorganisms by facilitating the diffusion of water, nutrients, gases, and biomolecules
and protecting the cells from harsh conditions.?®* Natural and synthetic hydrogels, which
provide the bulk of the materials, are generally used for the synthesis of ELMs,257:292,293
All these biomaterial matrices provide a protective habitat for the cells to allow cell
growth and proliferation. Their properties can be tuned to best suit desired functionalities
for diverse applications.

Biomaterial matrices with tunable mechanical and chemical properties can
control the growth of cells and modulate interactions with the surrounding
environment.?** Such control is usually difficult to obtain by simply using traditional
culture techniques of cells growing in suspension. ELMs with controlled growth and
activity of cells within soft matrices can be used to fabricate biosensing, therapeutic,
self-healing, and shape-morphing devices.!28:258.295.29 Eor example, a tough hydrogel
material was designed as a biocontainment platform to lower the escape to the
surroundings of genetically engineered bacteria capable of sensing and responding to
specific biomolecules.?®® In another example, Staphylococcus epidermis encapsulated
within a membrane-in-gel patch was fabricated to secrete beneficial factors that act
against skin pathogens.?®” In these approaches, the engineering of a matrix capable of
reducing cell escape was necessary to avoid the unwanted release of genetically

modified cells. Many other ELMs do not fully retain cells within the encapsulating
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matrix during cultivation, and cells that escape can proliferate within the surrounding
media.

We have previously reported that yeast proliferation within polyacrylamide
hydrogels can be controlled to drive complex shape transformations in materials, but it
was observed that cells are able to escape from the composites and freely proliferate. %
The same behavior was observed in another of our reports, where ELM bioinks
encapsulating yeast probiotics were designed to create 3D objects that delivered a model
drug by using this yeast proliferation-driven shape change.?®® For these studies, we took
advantage of the mechanical properties of yeast, which have stiff cell walls with
Young’s modulus of approximately 110 MPa.?% As these cells are stiffer than the soft
biomaterial matrices, they are able to proliferate and cause ELM volumetric expansions.
Nevertheless, the use of yeast for delivery applications within the body is reduced to one
type of probiotic yeast strain, Saccharomyces boulardii.?®® For the purpose of using
ELMs as future delivery platforms in the human body, bacteria probiotics are a primary
candidate, as these cells are used in many food products or dietary supplements and are
extensively studied in synthetic biology approaches.3%°31 For example, Escherichia coli
also has a stiff cell envelope with Young’s modulus between 50-150 MPa and has also
been found in probiotic forms.3%? In the present study, we seek to understand the
behavior of prokaryotic strains embedded in hydrogel matrices to create ELMs that
change shape and deliver the cells themselves.

Approaches that utilize bacterial release from the ELM itself could provide novel

ways to use ELMs for applications that require cells to be continuously delivered. For
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example, ELMs could deliver probiotics to places in the body for therapeutic purposes,
like treating infections. For example, ELMSs could be placed within the bladder to inhibit
the growth and persistence of uropathogenic strains that cause urinary tract infections.
These approaches could be used in future preventative care or treatments in patients that
suffer from recurrent urinary tract infections.

Here, we introduce a method to controllably deliver bacteria from ELM
hydrogels of different stiffnesses and cell densities. This cell delivery occurs from shape
changing composites, which will potentially enable multifunctional medical devices.
Bacteria, Escherichia coli, embedded within synthetic hydrogel matrices, form
prokaryotic ELMs that change shape due to cell proliferation (Figure 4-1A). Due to the
forces that drive these shape changes, and the cells found on or near the surface of the
ELMs, cells can be delivered from the object and freely proliferate in the surrounding
growth media (Figure 4-1A). We seek to quantify this cell delivery over time by
performing a series of experiments that will help us understand the control needed to
deliver cells by modulating the stiffness and initial cell loading of ELMs. By controlling

the number of cells released from ELMs, we foresee applications where ELMs could be

106



used in the continuous delivery of bacteria probiotics that are not capable of colonizing

the human body.
A B

Volume change
and cell escape

Figure 4-1: Prokaryotic ELM volume change
(A) Schematic represents an ELM encapsulating E. coli. The ELM is capable of
changing in volume and deliver cells to the surroundings during incubation. (B)
Prokaryotic ELM change in volume. Before incubation (Top) and after incubation
(Bottom) (Scale bar: 5 mm). (C) Microscopic image of prokaryotic ELM before
incubation (Top) and after incubation (Bottom) (Scale bar: 200um).
4.3. Results and discussion
4.3.1. Fabrication and characterization of prokaryotic ELMs

A series of prokaryotic ELMs embedding E. coli were fabricated and their
physical properties characterized. Prokaryotic ELMs are comprised of E. coli DH5«
strain modified with an ampicillin resistant plasmid. These bacteria are encapsulated
within hydrogels made of 2-hydroxyethylacrylate (HEA) crosslinked with N, N’-
methylenebisacrylamide (BIS). ELMs with varying stiffnesses were fabricated by
changing the monomer and crosslinker contents and by loading with high cell

concentrations (3 x 10% cells/mL). These formulations were comprised of 10% HEA

with 0.1% BIS (10H/0.1B), 10% HEA with 0.4% BIS (10H/0.4B), and 15% HEA with
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0.4% BIS (15H/0.4B). ELMs with different cell densities were also fabricated by loading
high (3 x 10% cells/mL), medium (1 x 10% cells/mL), and low (3 x 10* cells/mL) cell
densities within the 10H/0.1B formulation. For all formulations, ELMs with a thickness
of 250 um cut into 10 mm diameter disks were grown in Lysogeny Broth (LB) media
containing the antibiotic ampicillin at 37°C under shaking and aerobic conditions. Due to
the mechanical properties of the loaded bacteria,®°? cells are capable of proliferating
within the soft acrylic matrices and changing the global shape of the ELM (Figure 4-1B).
By observing the in-situ proliferation of cells within the matrices under the optical
microscope, colony formation is observed during 24 h of incubation and is found
throughout the composite’s thickness and along the surface (Figure 4-1C).

The presence of viable cells within biomaterial matrices is key to designing
shape changing ELMs. It has been reported that encapsulation of microorganisms within
acrylic hydrogels can result in a loss in the number of cells that are viable.3% We
performed experiments to study the cell viability of bacteria after being exposed to
monomer solutions (10H/0.1B, 10H/0.4B, 15H/0.4B, and 20H/0.4B) for 2 min and 10
min using a plate counting technique. It is important to note that, when crosslinking
ELMs, gelation for all formulations happens within 2 min, but the total polymerization
time, meaning the time before the hydrogels are demolded and washed, was set to 10
min. We selected this method to measure cell viability because determining cell viability
directly in polymerized ELMs is difficult. A direct assessment of cell viability cannot be

performed by plate counting because of the insoluble nature of the acrylic hydrogel.
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Direct staining and imaging assessments cannot give accurate information about which
cells are viable when large number of cells are encapsulated and clustered together.
Mixing bacteria in monomer solutions of varying monomer and crosslinker
concentrations help us evaluate which formulations are best suited to fabricate shape
changing prokaryotic ELMs to deliver cells to the surroundings. Cell viability was
compared between control samples of cells exposed to LB-amp media and samples that
were exposed to monomer solutions used to make ELMs with different stiffnesses. Cell
viability of control samples was significantly higher when comparing the viability of all
monomer solutions with the control sample after the cells were exposed for 2 min (one-
way ANOVA, P < 0.0001 for 10H/0.1B, 15H/0.4B, 20H/0.4B and P < 0.05 for
10H/0.4B) (Figure 4-2). After 10 min exposure, there was no significant difference
between the cell viability of formulations 10H/0.1B and 10H/0.4B compared to the
control (one-way ANOVA, P > 0.05), but viability was significantly higher in control
samples compared to formulations 15H/0.4B and 20H/0.4B (one-way ANOVA, P <
0.0001) (Figure 4-3). Cell viability for the formulation 20H/0.4B compared to the rest of
the formulations was significantly lower (unpaired t-test, P < 0.0001) (Figure 4-3). This
latter result implies that exposing bacteria to high monomer concentrations can critically
decrease cell viability. Future studies should focus on evaluating viable cells within
polymerized ELMs. These studies can help us understand the number of viable cells

responsible for colony formation within ELMs.
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Figure 4-2: Cell viability of bacteria after exposure to pre-gel solutions
Log cell viability as a function of the formulation that cells were exposed to. Bacteria
was exposed to these pre-gel solutions for 2 min and 10 min.

Bacterial colony formation within synthetic matrices can be tuned by controlling
the initial composition of the ELM. By varying the initial cell loading of bacteria from
medium cell loading to high cell loading in 10H/0.1B formulations, the volume change
of the ELMs increases significantly from 56.1 % + 11.7% to 92.9 % + 14.8 % after 24 h
of incubation (t-test, P < 0.05) (Figure 4-3A). After 48 h of incubation, there was no
significant difference observed between the volume changes of these ELMs (82.9 % +
24.9 % vs. 115.7 % + 11.7%, t-test, P > 0.05) (Figure 4-3A). Finally, after 72 h of
incubation, ELMs made with high cell concentrations had a significantly greater change
in volume compared to the change in volume of ELMs with medium cell concentration
(105.9% 4+ 11.9% vs. 174.1 % + 16.7 %, t-test, P < 0.01) (Figure 4-3A). From these
results, we observe that all volume changes of ELMs with medium cell loading were

lower compared to ELMs with high cell loading. These results denote that bacterial
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proliferation changes the global shape of the ELMs, and these changes can be controlled

by modulating the initial cell loading within synthetic matrices.
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Figure 4-3: Volume change of prokaryotic ELMs can be controlled
(A) Volume change of ELMs with varying cell densities as a function of time. (B)
Compressive modulus as a function of cell density.

Mechanical studies of ELMs with varying cell loadings suggest that the presence
of cells within hydrogels increases the stiffness of the biomaterial matrix. The Young’s
modulus of the materials was assessed, and results indicate that there is no significant
difference between the compressive modulus of ELMs made with high, medium, and
low cell loadings (one-way analysis of variance (ANOVA), P > 0.05) (Figure 4-3B).
However, there was a significant difference between the compressive modulus of all
these ELMs and the modulus of hydrogels fabricated without cells (one-way ANOVA, P
< 0.01) (Figure 4-3B). Further studies using low cell loadings within ELMs will provide

us with a better understanding of the number of cells needed to design ELMs with shape

changing capabilities.
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The mechanical transformations of prokaryotic ELMs are influenced by the
composition of the biomaterial matrix. As formulations with different concentrations of
HEA and BIS were synthesized, ELMs varied in stiffness. These materials undergo
volumetric changes after 72 h of incubation that decrease from 174 % + 16 % to 95% +
45% (Figure 4-3A) as the encapsulating matrix increases in stiffness from 10 kPa + 1
kPato 39 kPa + 16 kPa for 10H/0.1B and 15H/0.4B formulations respectively (Figure 4-
4A, B). This decrease in volume change can be attributed to an increase in the elastic
resistance to the expanding bacterial colonies that could result in limited colony

formation. It could also be attributed to a certain loss in cell viability of the total number

of bacteria.
B -
A 200 I I I © 60 -
- == 10/0.1 %
9\:’ 150 |- -:- 13;’:81 control ;
) =e= 15/0.1 control 3> 40
o 3
c 100 3
i o
) £
“E’ 50 E 20
= 0 P enanufuunnnunns Braunuans - g
o 1 T . o
> l [ | 3 0
0 20 40 60 80 g 10/0.1 15/0.4
Time (h) O Monomer/Crosslinker

Figure 4-4: Volume change of prokaryotic ELMs can be controlled

(A) Volume change of ELMs with varying crosslinking densities as a function of time.
(B) Compressive modulus as a function of crosslinking density of gels before incubation.
4.3.2. Bacterial release and quantification

We hypothesize that the mechanical properties and the initial number of cells

loaded into the ELMs affect cell delivery to the surrounding media. As we described in
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the previous section, the mechanical properties and volume changes can be controlled by
changing the concentrations of monomer and crosslinker and by adjusting the number of
cells loaded. We have previously shown that delivery of a model drug from a reservoir
in ELMs is driven by mechanical changes of the ELM.2% Within the scope of this
research, we set out to use prokaryotes that proliferate within hydrogels, and that can be
delivered to the surrounding media. These ELMs could potentially be used to deliver the
living component itself, for example, by delivering probiotics.

The control that we have over the mechanical and physical properties of ELMs
can be utilized to adjust the number of cells delivered to the surrounding media. We
quantified the number of cells delivered into the media (CFU/mL) from ELMs with
varying stiffnesses and with a high and medium number of cells loaded using traditional
plating techniques. ELMs were grown in LB-amp media for a total of 30 h where
aliquots (100 uL) of the growth media were collected at 2 h, 4 h, 24 h incubation + 2 h,
and 24 h incubation + 4 h. It is important to note that after 24 h of incubation, ELMs
were washed in PBS and then placed in fresh LB-amp to collect aliquots of the media
after an additional 2 h and 4 h of incubation. Before 24 h of incubation, during the first 2
h and 4 h of incubation, all ELMs delivered cells to the surrounding media (Figure 4-5,
Figure 4-6).

We hypothesize that delivered cells to the surrounding media come from the
ELM itself and that this release is due to the ability of the ELMs to change shape. For
ELMs with varying stiffness, cell delivery in formulations made with 10H/0.1B were

significantly lower as compared to 10H/0.4B (one-way ANOVA, P < 0.01) and
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significantly higher as compared to 15H/0.4B (one-way ANOVA, P < 0.0001) for the
first 2 h of incubation (Figure 4-5A). This low cell delivery in 15H/0.4B formulations
can be attributed to the stiffness of the material, where it is observed that the
encapsulated cells find it challenging to proliferate within stiff matrices, as these
materials have lower volumetric changes (Figure 4-4). After 4 h of incubation, the higher
number of cells compared to 2 h could be a combination of both cells that come from the
ELM itself and cells that are replicating within the media (Figure 4-5A). During the first
2 h of incubation, we note that cell delivery is relatively low compared to the cell
delivery in ELMs that are incubated for 24 h + 2 h.
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Figure 4-5: Cell delivery as a function of ELMs with varying crosslinking density
(A) Log cell delivery as a function of ELM crosslinking formulations at the first 2 h and
4 h of incubation. (B) Log cell delivery as a function of ELM crosslinking formulations
after growing for 24 h. Cell delivery was measured at 24 h+ 2 hand 24 h + 4 h.

After 24 h of incubation, cell delivery measured at 24 h + 2 h was significantly
higher in all formulations with varying stiffnesses as compared to the release at the

initial 2 h of incubation (one-way ANOVA, P < 0.0001) (Figure 4-5B). There is no

significant difference between the delivery of 10H/0.1B and 10H/0.4B or 10H/0.4B and
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15H/0.4B formulations at 24 h + 2 h (one-way ANOVA, P > 0.05). Between 10H/0.1B
and15H/0.4B, there was a significantly higher cell delivery from 10H/0.1B ELMs, also
thought to be due to the difference in material stiffness (Figure 4-5B). A more extensive
range of materials synthesized with higher stiffness was thought to better the control of
delivered cells, but polymerization in stiffer matrices can affect the viability of the cells,
as shown in our previous experiments. Moreover, at these incubation time points, cells
are delivered at a higher rate, which corresponds to the materials getting larger in
volume and, at the same time, to the higher presence of cells found within colonies
formed in one day. Nevertheless, because of these observations, it is unclear how many
cells that were encapsulated are, in fact, released from the material at any time point.
Further studies could focus on evaluating the number of cells released at shorter
collection times and in both LB-amp media and PBS as a control.

Next, we hypothesize that initial cell loading within ELMs controls the number
of delivered cells. For formulations with high and medium cell loading, higher cell
delivery was observed at 24 h + 2 h as compared to the initial 2 h because of the same
observations discussed above (Figure 4-6B). Nevertheless, cell delivery at either the
initial 2 h or 24 h + 2 h was not significantly different between both cell loadings. This
information tells us that, over these ranges of loaded cell densities, no control can be
obtained as no large differences between cell delivery are recorded. In the future, we will
further characterize these materials by further varying the initial loading of cells. The
results described within both sections give us information that, after 24 h of incubation,

ELMs capable of having volume changes of 100% can deliver at least 3x the number of
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cells compared to the number of cells delivered within the first 2 h of incubation.
Ultimately, by further characterizing the cell delivery behavior of ELMs, we expect to
modulate the stiffness and initial cell loading further to obtain better control of cell
delivery to the surrounding environment. We envision that a multifunctional materials
platform could be designed for biomedical applications by coupling shape change,
prokaryotic delivery, and fabrication techniques. This platform could enable the release
of encapsulated therapeutics from a reservoir in addition to the controlled delivery of

probiotics to specific places in the body.
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Figure 4-6: Cell delivery as a function of ELMs with varying cell density
(A) Log cell delivery as a function of ELM cell density formulations at the initial 2 h of
incubation (B) Log cell delivery as a function of ELM cell density formulations after
growing for 24 h. Cell delivery was measured at 24 h of incubation + additional 2 h.
4.4. Conclusions

We studied the ability of shape changing prokaryotic ELMs to delivery cells to
the surrounding media. We tuned the mechanical and physical properties of these
materials to understand how we can further control the number of delivered cells.

Prokaryotic ELM fabrication using acrylic hydrogels significantly affect the viability of

the total number of encapsulated cells when using monomer solutions of high monomer
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and crosslinker concentrations. Nevertheless, ELMs have large deformations, indicating
that a relatively high quantity of cells that remain viable form colonies that contribute to
the large changes in volumes obtained. By increasing the stiffness of ELMs, we
observed that materials decrease in deformation due to lower cell proliferation and that
the delivered number of cells can be significantly lowered. However, the ability of
ELMs to change shape allows cells to be delivered in high quantities to the surroundings
after long periods of incubation, in a continuous fashion. Further studies need to be
conducted to understand how other formulations of ELMs and the initial cell loading
affects cell delivery. These prokaryotic ELMs could potentially be used in the controlled
delivery of bacteria probiotics. Furthermore, encapsulating bacteria probiotics in ELMs
could be used in approaches to achieve continuous cell release to the surrounding tissue.
For example, a cell delivery device could be designed to deliver probiotics to
outcompete pathogenic strains that colonize the gastrointestinal tract or the bladder and
that cause infections.
4.5. Materials and methods
4.5.1. Materials

2-Hydroxyethylacrylate (HEA), N,N’-methylenebisacrylamide (BIS), ammonium
persulfate (APS), N,N,N’,N'-tetramethylethylenediamine (TEMED), sodium chloride,
and agar were purchased from Sigma-Aldrich. Yeast extract, tryptone, ampicillin sodium
salt, and PBS tablets were purchased from Fisher Scientific. All chemicals were used as

received without further purification.
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4.5.2. Bacterial growth and quantification for encapsulation in ELMs

To grow bacteria to a high density, Escherichia coli DH5a (transformed with
pAAV-Syn-GFP plasmid) were first incubated for 7 h in culture tubes containing 7 mL
of Lysogeny Broth (LB) media [0.5 wt % yeast extract, 1 wt % tryptopne, 1 wt
% sodium chloride, and 50 ug of ampicillin per mL of media] at 37° C in a shaking
incubator at 200 RPM. Subsequently, bacteria overgrowths were made using twelve
flasks containing 2 overnight tubes each with 50 mL of LB. Overgrowths were
combined and cell density was measured to calculate the volume needed to reach
approximately 5.7 x 10*! cells (High cell concentration). This number of cells was
centrifuged, washed three times in PBS, and then centrifuged to obtain a pellet. For
ELMs with medium and low cell concentration, pellets with 2.8 x 10! cells and 5.7 x
1010 cells were collected respectively.

To quantify the number of bacteria, cell density was measured with a Genesys
10S UV/visible spectrophotometer by observing the optical density at 600 nm. Each of
the pellets collected was suspended in 25 mL of PBS. Then, ten-fold serial dilutions
from 1:10 to 1:1000 were made (n = 3) by mixing 0.1 mL of the initial suspension with
0.9 mL of PBS. Diluted bacteria solutions were pipetted into a 1-mL cuvette for
spectrophotometer measurements. Optical densities between 1.6 and 0.03 were measured
for these dilutions.

4.5.3. Mold construction
For volume change and cell release experiments, molds were used to create flat

sheets of the prokaryotic ELMs. Molds were made of two glass slides (75 mm by 51
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mm) sterilized with heat. The unpolymerized material was sandwiched between the glass
slides separated by 0.25-mm thick spacer. For mechanical testing, the unpolymerized
material was sandwiched between the glass slides separated by 1-mm thick spacer.
4.5.4. Preparation of prokaryiotic ELMs

ELM prokaryotics were prepared at room temperature by free radical
polymerization of HEA monomer and BIS crosslinker. HEA was filtered sterilized prior
to ELM preparation. Stock solutions of BIS (0.02 g/ml) were prepared in dH20 and filter
sterilized. All ELMs with varying crosslinking densities were prepared with high cell
densities and using 10 wt % HEA with 0.1 wt% BIS or 0.4 wt% BIS and 15 wt% HEA
with 0.4 wt% BIS. ELMs with varying cell density were prepared using 10 wt% HEA
and 0.1 wt% BIS with cell loadings of 3 x 10 cells and 1 x 10*! cells. To polymerize
ELMs with varying crosslinker density, a 10 wt% APS stock solution was added at 1%
of the total solution volume, and TEMED was added at a ratio of 0.1% of total solution
volume. To polymerize ELMs with medium cell density, APS was added at 1.3% of the
total solution volume, and TEMED was added at a ratio of 0.13% of total solution
volume. To polymerize ELMs with low cell density, APS was added at 1.5% of the total
solution volume, and TEMED was added at a ratio of 0.15% of total solution volume
After adding APS and TEMED to all pre-gel solution, they were vortexed for 3 s and
quickle pipetted into the molds. Filled molds were flipped every 45 s, while
polymerization occurred to avoid bacteria settling. After 10 min, polymerized ELMs

were demolded and rinsed three times with LB-amp media to remove unpolymerized
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HEA residues. ELMs were stored in LB-amp at 4°C for 24 hours before mechanical
testing, volume change, and cell release experiments.
4.5.5. Volume change quantification

To quantify volume changes in prokaryotic ELMs, samples were molded in 0.25-
mm thick molds. All ELMs were stored in LB-amp for 24 h prior to growth test. All
ELMs were cut with a biopsy punch of 10 mm diameter to make ELM disks (n = 3 for
each type of formulation). The dimensions of each disk were measured before growth.
All ELM formulations (n = 3) were grown in 250 mL flasks with 150 mL of LB-amp (3
gels per flask) for 72 h at 37°C in aerobic conditions with constant agitation (200 RPM).
(200RPM). Volume changes were measured every 24 hours using a Canon Rebel T7i
camera.
4.5.6. Cell release quantification

All ELM formulations were molded and stored as described in the volume
change quantification section. After storage, ELMs were punched (n = 3), washed three
times in PBS, and each sample was placed in 50 mL of LB-amp media. Before
incubation, an aliquot (100 uL) of media for all formulations was plated on LB-amp agar
plates (1.5 wt% agar) using sterile glass beads that are shaken back and forth on the plate
for around one minute. All samples were incubated at 37°C under constantig shaking
(200 RPM) and aerobic conditions. After 2 h and 4 h, an aliquot (100 uL) of growth
media was diluted (10-fold dilutions depending on the concentration of cells) and plated

using sterile glass beads. The same procedure was followed after ELM formulations are
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incubated for 24 h, 48 h, or 72 h. Plates were incubated at 37°C and colony forming units
(CFU) were counted after one day of incubation.
4.5.7. Cell viability quantification

To quantify cell viability for each formulation, we prepared all ELM
formulations as described in section 4.5.4 without crosslinking the ELMs using APS and
TEMED. A control sample was also prepared by replacing the volume of monomer and
crosslinker used in the solution with LB-amp media. All formulations were prepared and
after 2 min and 10 min of exposure, an aliquot of the formulation was pipetted, diluted
(10-fold dilutions) and plated on LB-amp agar plates using the glass bead plating
technique. Plates were incubated at 37°C and colony forming units (CFU) were counted
after one day of incubation.
4.5.8. Mechanical characterization

All ELM samples for mechanical testing (6 mm diameter, 1 mm thickness) were
cut from polymerized formulations. Samples were equilibrated in LB-amp media prior
to testing. Compression testing was performed using a TA RSA-G2 instrument at room
temperature. Briefly, flat plates attached to the instrument were brought into contact with
the sample and a bath attachment was placed to run the testing under immersion in LB-
amp media. The plates were then set to move at a rate of 0.05 mm/s. Strains between 0.2
% and 5% were used to calculate the Young’s modulus, as the stress-strain response in

this region was linear.
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4.5.9. Optical images of living composites

Microscopic imaging was carried out using a Nikon optical microscope. To
visualize embedded bacteria and cell proliferation, samples were observed under bright
field and dark field at 20X magnification. Bright field (transmission) was used to
observe cell distribution and colony formation throughout the thickness of the sample.
Dark field (reflection) was used visualize the surface of the samples (n = 3).
4.5.10. Statistical analysis

Statistical comparisons were studied using Student’s t-test (paired or unpaired) or
one-way ANOVA (followed by a post hoc Tukey test) (GraphPad Prism 9). Data are
shown as the mean =+ standard deviation. For all studied, a P < 0.05 was utilized to

consider the results significantly different.
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5. CONCLUSIONS

We have described engineered living materials with programmed functions
governed by living microorganisms. ELMs capable of responding to external cues have
enabled shape changing materials where cell activity and cell proliferation within the
encapsulating biomaterial matrix were key to the overall function of the ELM. We
presented a series of studies to understand the fundamental mechanisms that drive these
shape changes and performed a series of experiments to understand the potential use of
these ELMs in biomedical applications. Importantly, using different approaches of
synthetic biology and fabrication techniques, stimuli-responsive ELMs were fabricated
that responded to small changes in the environment, enabling materials capable of
mechanical transformation in response to single or multiple biochemical or physical
cues.

Controlling the necessary parameters that drive cell proliferation within our
stimuli-responsive ELMs is of importance when selecting ELM formulations for
biomedical applications. As described in chapter 2, baker’s yeast, S. cerevisiae, was a
key model organism used to understand how these cells expand the volume of synthetic
materials that do not respond to small changes in external conditions. The addition of
these cells to polyacrylamide hydrogels enabled materials with the ability to respond to
biochemical cues, such as L-histidine, and physical cues, like low-power blue light. As
these cells are stiffer than the encapsulating matrices, high concentration of cells can
form colonies that, together, are responsible for driving the large volumetric changes of

the whole composite. Controlling the viability of these cells within the thickness and
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area of the ELMs enabled materials that undergo complex shape transformations.
Although, these transformations were only controlled within 2D materials, we could
obtain spatio-temporal control of growth by using an optogenetic switch transformed in
yeast that respond to pulses of blue light. The study of these materials addressed a
critical need for materials that are capable of sensing highly specific biochemical or
physical cues and respond in a mechanical way in a controlled manner.

In chapter 3, we described a fabrication method to 4D print ELMSs, where control
over the distribution of yeast within 3D structures enabled materials capable of complex
shape changes. These shape changes were obtained without compromising the viability
of the cells throughout the thickness and area of the composite. Instead, yeast were
spatially distributed within 3D objects that were made by using formulations with shear-
thinning behavior. The ability to induce shear-thinning characteristics to the
formulations described in chapter 2, enabled a way to fabricate ELMs that contained
multiple yeast strains within the same structure. These ELMs were capable of
responding to the presence of multiple biochemical cues and enabled materials with
multiple programmed shape changes. Further, as yeast is also found in probiotic forms,
such as Saccharomyces boulardii, these ELMs opened a potential direction to build
shape-changing devices that could be used within the human body. These devices could
be used to detect specific biochemical cues or biomarkers related to disease and act as
biosensors or drug delivery devices with the potential to have a control release of
therapeutics at the right location and at the right time. As such, with this fabrication

technique we enabled the design of a drug-delivery device concept that was capable of
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rupturing and releasing a model drug to the surrounding environment when detecting a
specific biochemical cue. This 3D printing fabrication technique is a versatile way that
can be used in a variety of model organisms such as genetically engineered or probiotic
prokaryotes.

In chapter 4, we studied the ability of prokaryotes to drive ELM shape change
and controlled the ability to release these cells to the surroundings for the understanding
of future probiotic delivery platforms. The fundamental understandings from the work
achieved in chapters 2 and 3, opened the path to study the potential use of prokaryotes in
the control of the mechanical deformation of ELMs. Control of this mechanical
deformation, as well as the mechanical properties and composition of ELMs, is of
essential importance to potentially use probiotic prokaryotes that can target pathogenic
strains of bacteria or fungi within the human body. We take advantage of a general issue
observed in ELMs, where biocontainment of cells is an issue that needs to be targeted.
We harness the ability of cells to escape from ELMs during growth to potentially use
these materials in probiotic delivery within the gastrointestinal tract or the bladder. Such
probiotics could target pathogens related to infectious diseases, such as urinary tract
infections, by continuously delivering probiotics to the site of infection and targeting the
growth of pathogens that colonize the human body and persist, generally causing
recurrent infections.

These works present a significant advancement in the field of engineered living
materials, where living cells can be used as sensing components that drive mechanical

transformations for future biomedical devices. Future directions should focus on the
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study of the local behavior of microorganisms within these matrices, to understand the
general forces that cells use to cause volumetric expansion of the materials. Further, cell
viability experiments within the encapsulating matrices should be carried out to make
sense of the real number of viable cells that contribute to the local and global mechanical
transformations of these composites. Approaches that use cell staining techniques, cell
tracking, as well as imaging techniques, could be utilized to understand how viable cells
form colonies within confined these matrices and how different strains of bacteria or

yeast behave when encapsulated.
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APPENDIX A: SUPPORTING INFORMATION
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Figure A-1: Change in area depends on initial cell loading. Area change over time for
composites with 1 wt% (A), 12 wt% (B) and 18 wt% (C) dry yeast in the presence of
media with and without D-glucose. Each data point represents the mean (n=3), and error
bars represent standard deviation. Trend lines are only intended to guide the eye.
Reprinted with permission from [197]. Copyright (2020) exclusive licensee American

Association for the Advancement of Science. Distributed under a Creative Commons
Attribution License 4.0 (CC BY).
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Figure A-2: Representative images of the living composites before and after
incubation in media. Images of hydrogels without yeast (A) and composites with 1
wit% yeast (B), with 12 wt% yeast (C), and 18 wt% yeast (D) (Scale bars: 5 mm). Each
experiment had 3 replicates. All samples were incubated at 30°C in YPD media under
static conditions with media changed every 6 h. Reprinted with permission from [197].
Copyright (2020) exclusive licensee American Association for the Advancement of
Science. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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Figure A-3: Buckling pattern in living composite coated on a glass substrate.
Fluorescence images of a living composite after UV patterning (top) and after incubation
in YPD (bottom) (Scale bar: 10 mm). Topography of an initially flat living composite
after exposure to YPD (right) (Scale bar: 10 mm). Samples were incubated at 30°C in
YPD media under static conditions with media changed every 12 h. Reprinted with
permission from [197]. Copyright (2020) exclusive licensee American Association for
the Advancement of Science. Distributed under a Creative Commons Attribution
License 4.0 (CC BY).
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Figure A-4 Shape change stability. Helical structure after growth (left) and after
storage for 128 days. Samples were stored in dH20 at room temperature (Scale bars: 5
mm). Shape change due to proliferation is largely stable. Reprinted with permission
from [197]. Copyright (2020) exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution License

4.0 (CC BY).
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Figure A-5: Representative images of the macroscopic expansion of living
composites with varying crosslinker density. Images of living composites synthesized
with 0.05 wt% crosslinker (A), 0.1 wt% crosslinker (B), 0.3 wt% crosslinker (C), and 0.6
wt% crosslinker (D) (Scale bars: 5 mm). Each experiment had 3 replicates. All samples
were incubated at 30°C in YPD media under static conditions with media changed every
6 h. Reprinted with permission from [197]. Copyright (2020) exclusive licensee
American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution License 4.0 (CC BY).
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Figure A-6: Characterization of living composites with varying yeast content.
Compressive modulus of living composites with varying yeast content. Each data point
represents the mean (n=3), and error bars represent standard deviation. Trend lines are
only intended to guide the eye. Reprinted with permission from [197]. Copyright (2020)
exclusive licensee American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY).
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Figure A-7: Living composite shape change induced by adding a specific
biochemical. (A) Schematic of a genetically modified living composite with growth
triggered by the addition of L-histidine (B) Composites do not change in volume
substantially in media lacking L-histidine but grow after L-histidine is supplemented into
the media (Scale bar: 5 mm). Representative images of the macroscopic expansion of
auxotrophic living composites incubated in media without histidine (A), with the
stereoisomer D-histidine (B), and with L-histidine (C) (Scale bars: 5 mm). All samples
were incubated at 30°C under static conditions and media was changed every 12 h.
Dotted circles represent initial area and are used to guide the eye after composites
growth. Reprinted with permission from [197]. Copyright (2020) exclusive licensee
American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution License 4.0 (CC BY).
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Figure A-8: Microfluidic device exposed to media without L-histidine. (A)
Fluorescence image of fluid traversing the microfluidic device before exposure to media
(left) (Scale bar 10 mm). Fluorescence image of fluid traversing the microfluidic device
after media lacking L-histidine flows for 48 h through the channels. Growth of areas
with living cells is not affected by media flow (right). (B) Topography of a living
channel recorded before (left) and after (right) growth (Scale bar: 0.5 mm) (Color scale:
0-0.3 mm). Reprinted with permission from [197]. Copyright (2020) exclusive licensee
American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution License 4.0 (CC BY).
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Figure A-9: Yeast proliferation on minimal agar media. (A)Yeast strains growing on
minimal SD agar without L-Histidine and with competitive inhibitor 3AT. Plates were
incubated at 30°C for 36 h. The plate on the left was wrapped in aluminum foil to avoid
light exposure, and the plate on the right was exposed to blue light at 455 nm of
wavelength with 2.7 mW/cm? 2 s pulses every 2 min (Scales bars: 10 mm). POS refers
to the positive control strain. NEG refers to the negative control strain. EXP refers to the
experimental strain. Representative images of living composites kept in the dark or
exposed to blue light. Negative control composites are shown in (B) and positive control
composites in (C) (Scale bars: 5 mm). Composites are incubated at 30°C in media
without L-Histidine for 48 h with media change every 12 h. Composites kept in the dark
are wrapped in aluminum foil and light exposed composites are irradiated with 455 nm
wavelength light with intensity of 2.7 mW/cm? for 2 s every 2 min. Dotted circles
represent initial area and are used to guide the eye after composites growth. Reprinted
with permission from [197]. Copyright (2020) exclusive licensee American Association
for the Advancement of Science. Distributed under a Creative Commons Attribution
License 4.0 (CC BY).
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Figure A-10: Optogenetic control of shape change in genetically engineered living
composites. (A) Schematic of the UV patterning of a free-standing film. Area indicated
by the two circles contain living yeast while the area surrounding these circles contain
cells that are UV-killed. After patterning, the living composite is equilibrated in dH20
and incubated in media without L Histidine. During incubation, the living composite is
irradiated with 455 nm wavelength blue light with an intensity of 2.7 mW/cm? for 2 s
every 2 min over a portion of the sample. (B) Patterned composites before exposure to
blue light (left), after incubation in media without L-histidine and only irradiating the
left circle (middle), and irradiation of right circle only (right) (Scale bar: 10 mm).
Reprinted with permission from [197]. Copyright (2020) exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative Commons
Attribution License 4.0 (CC BY).
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Figure A-11: Representative images of ELMs containing active dried yeast before
and after growth in synthetic complete medium. Images of ELMS with (A) 5 wt %
CNC, with (B) 8 wt % CNC, and with (C) 14 wt % CNC. (Scale bars: 5 mm). Each
experiment had 3 replicates. All ELMs were grown in synthetic complete medium at 30
°C under shaking and aerobic conditions. Medium was changed every 12 h. Reprinted
with permission from [296]. Copyright (2021) Wiley-VCH.
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Figure A-12: Representative images of cell-free hydrogels before and after growth
in synthetic complete medium. Images of cell-free hydrogels with (A) 11 wt % CNC,
with (B) 16 wt % CNC, with (C) 19 wt % CNC, and with (D) 22 wt % CNC (Scale bars:
5 mm). Each experiment had 3 replicates. All cell-free hydrogels were placed in the
same flasks containing ELMs growing in synthetic complete medium at 30 °C under
shaking and aerobic conditions. Medium was changed every 12 h. Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.
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Figure A-13: Influence of CNC at varying concentrations on volume change of cell-
free hydrogels. Volume change as a function of time for each cell-free hydrogel
composed of different concentrations of CNCs. Reprinted with permission from [296].
Copyright (2021) Wiley-VCH.
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Figure A-14: Representative images of ELMs containing genetically engineered S.
boulardii before and after growth in synthetic medium with the corresponding
amino acid or nucleotide. Images of ELMs containing (A) S. boulardii-URA3,
containing (B) S. boulardii-TRP1, containing (C) S. boulardii-HIS3, and containing (D)
S. boulardii-LEUZ2 (Scale bars: 5 mm). Each experiment had 3 replicates and was
repeated 3 times. All ELMs were grown in synthetic medium with the corresponding
amino acid or nucleotide at 30 °C under shaking and aerobic conditions. Medium was
changed every 12 h. Reprinted with permission from [296]. Copyright (2021) Wiley-
VCH.
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Figure A-15: Representative images of ELMs containing genetically engineered S.
boulardii before and after growth in synthetic medium without the corresponding
amino acid or nucleotide. Images of ELMSs containing (A) S. boulardii-URA3,
containing (B) S. boulardii-TRP1, containing (C) S. boulardii-HIS3, and containing D)
S. boulardii-LEUZ2 (Scale bars: 5 mm). Each experiment had 3 replicates and was
repeated 3 times. All ELMs were grown in synthetic medium without the corresponding
amino acid or nucleotide at 30 °C under shaking and aerobic conditions. Medium was
changed every 12 h. Reprinted with permission from [296]. Copyright (2021) Wiley-
VCH.
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Figure A-16: Volume change of ELMs containing genetically engineered S.
boulardii. Volume change over time of ELM disks containing (A) S. boulardii-TRP1,
containing (B) S. boulardii-LEUZ2, and containing (C) S. boulardii-HIS3. Each
experiment had 3 replicates and was repeated 3 times. All ELMs were grown in
synthetic medium with and without the corresponding amino acid at 30 °C under shaking
and aerobic conditions. Medium was changed every 12 h. Each data point represents the
mean (n = 3), and error bars represent standard deviation. Trend lines are only intended
to guide the eye. To better visualized the data, open dots show the individual data points
for ELMs grown in the presence of uracil. Statistical analysis: t-test, * P-value < 0.05, **
P-value < 0.01. Reprinted with permission from [296]. Copyright (2021) Wiley-VCH.
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Replicate 1

Figure A-17. Sequential shape change of ELM bilayers. Replicates of bilayers
fabricated to contain a layer of S. boulardii-URA3 and a layer of S. boulardii-TRP1 (1
and 2) (Scale bars: 10 mm). Bilayers were grown in synthetic medium with uracil but
lacking L-tryptophan for 48 h and then they were grown in synthetic medium with L-
tryptophan but lacking uracil for 84 h. Bilayers were at 30 °C under shaking and aerobic
conditions. Medium was changed every 12 h. Reprinted with permission from [296].
Copyright (2021) Wiley-VCH.
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Figure A-18: Shape change of 4D printed structure in response to a second
stimulus. Growth of patterned bilayer in medium containing the second biochemical
stimulus for 144 h (Scale bar: 10 mm). Printed structures were first grown in synthetic
medium with L-tryptophan but lacking L-leucine for 48 h (as shown in Figure 6) and
then they were grown in synthetic medium with L-leucine but lacking L-tryptophan for
144 h. Bilayers were grown at 30 °C under shaking and aerobic conditions. Medium was
changed every 12 h. Reprinted with permission from [296]. Copyright (2021) Wiley-
VCH.
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Figure A-19: Shape change of 4D printed structure in response to a second
stimulus. Growth of patterned bilayer in medium containing the second biochemical
stimulus for 144 h (Scale bar: 10 mm). Printed structures were first grown in synthetic
medium with L-leucine but lacking L-tryptophan for 48 h (as shown in Figure 3-6) and
then they were grown in synthetic medium with L-tryptophan but lacking L-leucine for
144 h. Bilayers were grown at 30 °C under shaking and aerobic conditions. Medium was
changed every 12 h. Reprinted with permission from [296]. Copyright (2021) Wiley-
VCH.
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Figure A-20: Representative images of positive control printed drug delivery
device. Positive control of printed capsule encapsulating model drug (fluorescent
microparticles). Bottom of the capsule contains S.boulardii-TRP1 (Scale bar: 5 mm).
The device is manually ruptured on the bottom and then incubated in synthetic medium
lacking the amino acid L-tryptophan for 48 h. Devices were grown at 37 °C under
shaking and aerobic conditions. Medium was changed every 12 h. Reprinted with
permission from [296]. Copyright (2021) Wiley-VCH.
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Figure A-21: Representative images of negative control printed drug delivery device.
Negative control of printed capsule encapsulating model drug (fluorescent
microparticles). Bottom of the capsule contains S.boulardii-TRP1 (Scale bar: 5 mm).
The device is incubated in synthetic medium lacking the amino acid L-tryptophan for 48
h. Devices were grown at 37 °C under shaking and aerobic conditions. Medium was
changed every 12 h. Reprinted with permission from [296]. Copyright (2021) Wiley-

VCH.
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Figure A-22: Representative images of positive control printed drug delivery
device. (A) Positive controls were manually ruptured on the bottom and then incubated
for 24 h. After incubation, the base of the capsules were cut to observe the retained
model drug within the reservoir. (B) The same capsules were cut through the side to
observe the retained contents (Scale bars: 5 mm). Reprinted with permission from [296].
Copyright (2021) Wiley-VCH.

177



Table A-1. Power law flow index results. Table shows the flow indexes of bioinks and
cell-free inks made with different concentrations of CNC. Reprinted with permission
from [296]. Copyright (2021) Wiley-VCH.

Bioinks Cell-free inks
CNC (wt
CNC (wt %) Flow index (n) %) Flow index (n)
5 0.01+0.01 11 0.04 £0.01
8 0.03+£0.02 16 0.03+0.01
11 0.01+0.01 19 0.04 £0.03
22 0.00 £ 0.00
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